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FOREWORD

The Reaction Engineering Roadmap is a part of an indus-

try-wide effort to create a blueprint of the research and

technology milestones that are necessary to achieve long-

term industry goals. This report documents the results of a

workshop focused on the research needs, technology bar-

riers, and priorities of the chemical industry as they relate

to reaction engineering viewed first by industrial use

(basic chemicals; specialty chemicals; pharmaceuticals;

and polymers) and then by technology segment (reactor

system selection, design, and scale-up; chemical mecha-

nism development and property estimation; dealing with

catalysis; and new, nonstandard reactor types). The work-

shop brought together forty-six experts from the chemical

industry, its customer industries, universities, and govern-

ment research laboratories. The workshop was a part of

the chemical industry’s effort to develop its technology

roadmap for the future.

This document must be viewed as evolutionary in

nature. While the Reaction Engineering Roadmap pres-

ents an impressive compilation of critical chemical indus-

try research needs, the workshop was necessarily limited

in time, scope, and participation, and the emerging

roadmap may not fully incorporate all needs. Every effort

was made to include a broad range of industry partici-

pants, but it is inevitable that valuable ideas may have

been left out. Thus, this document should be considered a

work in progress to develop consensus on industry

research needs. It will evolve as additional information

becomes available. It is also closely linked to other tech-

nology roadmaps developed to support the chemical

industry: new process chemistry, biotechnology, materi-

als, separations, and computational technologies. These

roadmaps can be obtained at www.chemicalvision2020.org.
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I. SUMMARY

Background: The Reaction Engineering Roadmap has

been prepared based on the information gathered in a

workshop held in conjunction with the 1999 Annual

American Institute of Chemical Engineer’s meeting in

Dallas, Texas on October 30–31, 1999. The workshop

brought together forty-six experts from the chemical

industry, its customer industries, universities, and govern-

ment research laboratories to brainstorm on research

needs for reaction engineering. The workshop was held to

develop a path to overcome the barriers and challenges

identified in Technology Vision 2020: The Chemical

Industry. Technology Vision 2020 details the challenges

faced by the U.S. chemical industry as it strives to main-

tain its competitive position into the next millennium. The

details of the workshop, including technical presenta-

tions, are given in the appendices.

Workshop participants were asked to define the pres-

ent challenges faced by industries producing and using

chemicals and to identify the technical barriers and the

research needs required to overcome those barriers. The

participants identified research that will be important in

contributing to a 30% reduction in relative indicators for

material usage, water consumption, toxics dispersion, and

pollutants dispersion by the year 2020 for the chemical

industry. The relative indicators are those being tested by

the National Roundtable for the Environment and the

Economy where material usage, for example, is indexed

to the selling price of the product minus the cost of raw

materials.

Roadmap Results: A small number of research areas

were identified as key focus areas that will provide the

foundation for improvements in reaction engineering:

experimental tools and online sensors, fundamentals-

based modeling, thermodynamic and transport property

data, and system integration. Improved experimental

tools and sensors are needed to provide input data for

models. Improved models are needed to design reactors

effectively and to optimize the process chemistry. Ther-

modynamic and kinetic data are needed as input into these

models. System integration is needed to provide user-

friendly results and accomplish the tasks in a cost effec-

tive, timely manner. The resulting information will be

used to support research in reactor design and scale-up,

chemical mechanisms, catalysts, and new reactor devel-

opment. The research identified in Tables I.1 and I.2

should result in optimized, integrated reactor systems

with higher product selectivity, yield, and purity. They

should consume less raw material, use less energy and

water, generate less waste, and be more easily adapted to

the production of new products. The systems integration

approach to development and plant operations should

reduce the time and costs associated with implementing

new technologies and bringing new products to market.

Research Needs: The workshop participants formulated

research needs by industrial and by technology segments.

The resulting research needs were prioritized and sorted

by time frame. The highest priority key research needs

that were identified are summarized below:

Basic Chemicals: Develop more efficient methods to

build process models, obtain and predict physical, chemi-

cal, and transport property data and to verify model

results.

Specialty Chemicals: Develop models to predict product

properties a priori, to facilitate reactor/process selection

and design, and to increase reaction selectivity. Develop

reactor design that can be adapted more easily to

multiproduct manufacture.

Pharmaceuticals: Develop better experimental screening

techniques to reduce development time and costs, use

combinatorial techniques to evaluate synthesis routes,

thermochemical and thermophysical properties data for

complex systems, more selective catalysts, and improved

reactor design for high purity/selectivity/yield.

Polymers: Develop the ability to link process conditions

to product properties (at the micro-, meso-, and macro-

scales), develop better fluid dynamics models that

account for interaction effects of large complex mole-

cules, and create process monitors that can track polymer-

ization progress on line.

Reactor System Design and Scale-up: Establish better

procedures for characterizing the operation of lab, pilot

and plant reactors and cross correlating their behavior.

Develop more efficient methods to obtain physical, chem-

ical, and transport property data for input into and verifi-

cation of models.
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Chemical Mechanisms: Develop micro-kinetic experi-

mental capabilities, methods to integrate solvent effects

into reaction models, tools to couple process chemistry

and process modeling, and methods to determine macro-

scopic properties and kinetic behavior from molecular

structures.

Catalysis: Develop better in situ characterization and

sensing tools, system integration techniques to optimize

catalyst and reactor operations simultaneously, catalysts

for solid matrices, and fuel cell focused catalysts.

Novel Reactors: Development of nonstandard reactors is

dependent on advances in fundamental research and

enabling technologies. Research areas include intensified

reactors, rapid heating and cooling techniques, structured

contacting, external field-assisted and photochemical

reactions, and reactors for extreme conditions. Enabling

technologies include new materials development, systems

integration, micro-scale properties and phenomena deter-

mination, multistage design capabilities, and self-

assembling reactor development.

Cross-Cutting Research Needs: Major research needs

that cut across several or all of the technical areas were

identified. These fell into four technical categories: experi-

mental tools, modeling and property estimation, sensors,

and system integration. Improved experimental tools are

needed to design and operate reaction engineering systems

more efficiently and to provide input data for models.

These include better designs for laboratory-scale reactors

and better experimental techniques for screening of synthe-

sis methods and for developing a fundamental understand-

ing of plant system operations. Fundamentals-based

models are needed to support design and operation of reac-

tion engineering systems. Thermophysical, thermo-

chemical, and transport data that describe complex systems

are needed for input into and validation of these models.

Fast, precise, robust, online sensors are needed for data col-

lection, monitoring, and process control. Integration of all

these research capabilities into a systems approach is

required to develop viable production reactors for indus-

try. There is a need for better integration of models and

experimental data gathering as well as models which

couple process chemistry with process modeling. Ulti-

mately, design and optimization tools are needed which

will link process conditions to product properties at the

micro-, meso-, and macro-scales.

Key R&D Linkages: Tables I.1 and I.2 show the linkages

between key research needs and the time frame for obtain-

ing the research results. Table I.1 summarizes the more

general cross-cutting research areas, while Table I.2

addresses specific research needs for the major technical

areas associated with reaction engineering. The linkages

indicate where the results from one or more research areas

provide important support to other areas either in the same

or another time frame.

Table I.1 summarizes the major research needs for

the four cross-cutting areas: experimental tools, modeling

and property estimation, sensors, and system integration.

Tasks in the cross-cutting technical areas are needed to

support all aspects of future reaction engineering

research. Improved experimental tools and sensors are

needed to provide the data for models and system integra-

tion. Improved models are needed to design new reactors

and make major chemistry changes. System integration is

needed to accomplish this in a cost-effective, timely

manner. The results from all four cross-cutting areas will

support research in reactor design and scale-up, chemical

mechanisms, catalysts, and new reactor development.

Table I.2 summarizes key research linkages within each

of these specific technical areas.

Research-Related Needs: Several research-related

needs were also identified. These are needs/issues that are

not truly research but are closely related. They include

institutional, regulatory, and educational issues. The

major research-related needs identified included (a)

increase interdisciplinary education at universities, and

(b) reduce the time and cost for bringing new processes on

line and new products to market.
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II. INTRODUCTION

Background: Several years ago, the U.S. Department of

Energy/Office of Industrial Technologies (DOE/OIT)

identified several industries that have major roles in either

raw materials production and/or consumption, energy

usage, and waste generation. Prominent among them was

the chemical industry. DOE/OIT is working with these

industries to develop vision documents defining goals for

the Year 2020 related to reduced raw material and energy

usage and lowered waste generation. Goals have been

developed for the chemical industry in a cooperative

effort among DOE/OIT, the American Chemical Society,

and the American Institute of Chemical Engineers, the

Synthetic Organic Chemical Manufacturers Association,

and the Council for Chemical Research. These goals and

action proposals are detailed in the publication entitled

Technology Vision 2020: The Chemical Industry.

DOE/OIT has further encouraged the individual

industries to prepare technology roadmaps that will lead

to meeting their respective Vision 2020 performance tar-

gets. A technology roadmap is analogous to an automo-

bile roadmap employed in traveling from Point A to Point

B. In the case of driving, the driver knows where he is

(Point A), where he is going (Point B), and he has some

knowledge of the terrain between points (A) and (B). In

the case of a technology roadmap, the current state of the

technology (A) and the desired future state (B) are

defined. Then, the barriers to the journey and an identifi-

cation of the possible research routes available to com-

plete the journey are identified and prioritized.

Trends and Drivers: Factors that will influence industry

in 2020 include: fossil fuel availability and prices; envi-

ronmental regulations; growth in alternative processing

technologies, such as biotechnology; recycling; use of

total life cycle evaluations in decision-making processes;

information technology; international competition; and

the industrial growth rates in Asia, Europe, and North

America. Several key factors will drive the need to change

industrial practices. The public is expected to demand

increases in pollution prevention/reduction and public

safety, the value of fresh water will increase significantly,

the cost for raw materials will increase, and improved

access to and availability of information will change the

industry. To remain competitive in the future, the chemi-

cal industry will need to tighten product specifications,

reduce investment and operating costs per unit output, and

increase the flexibility of plant operations.

At the present time, polymers and commodity chemi-

cals (and their intermediates) represent the dominant

market for innovation and growth. However, today’s

major chemical companies are increasingly pursuing a

strategy based on tailoring specific products to target mar-

kets. Thus, materials, specialty chemicals, pharmaceu-

ticals, performance polymers and some high-value

petrochemicals represent the dominant future growth

markets. Changes will be required to address increases in

production volume and waste generation. Use of alterna-

tive fuels, such as natural gas and biological feedstocks, is

also likely to increase.

Since the chemical reactor is the heart of any chemi-

cal process, reaction engineering will play a major part in

maintaining industrial competitiveness. The potential for

greenhouse gas reduction and pollution abatement will

come from redesigning chemical reactors to produce less

undesirable byproducts. Chemical reactors are likely to

become smaller and more flexible. New technology is

likely to integrate chemical reactions, transport phenom-

ena, and separations processes into single unit operations.

Modeling and simulation will reduce process develop-

ment time as they provide a sharper focus on the key

developmental problems that need to be solved and guide

experimentation accordingly.

Goals: The general goal for the road-mapping workshop

was to identify research needed to meet the chemical

industry’s vision. Elements of that vision include: main-

taining or achieving positions of a leader in technology

development; enhancing the quality of life; providing

excellence in environment, safety, and health; good com-

munity relationships; seamless partnerships with

academia and government; and promoting sustainable

development.

The specific goals of the reaction engineering work-

shop were: (a) to define critical technology developments

in reaction engineering needed to sustain the competitive-

ness of the U.S. chemical industry, (b) to identify trends

and drivers that will dictate the timing and priority of the

above technology developments, (c) to link these needs to

the achievement of sustainability goals established for

other roadmaps supporting Vision 2020, and (d) to define
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the barriers to achieving the needed developments and

means for overcoming them.

Visions and related roadmaps require commonly

understood and communicated goals. By their nature,

goals require some sort of indicator or yardstick. A group

of companies working with the National Roundtable for

the Environment and the Economy (NRTEE) developed

indicators for material, energy, mass of pollutants, and

water usage relative to the difference between the selling

price of products and the cost of their raw materials. The

NRTEE indicators are shown in Table II.1. For

roadmapping purposes a target has been proposed for the

chemical industry of 30% reduction in all five of the indi-

cators shown in Table II.1 by the year 2020.

Reaction Engineering Workshop: The workshop was

held in Dallas on October 30–31, 1999, and was attended

by forty-six representatives from industry, academia, and

the government. Full details of these meetings are pro-

vided in Appendix A. Participants in the workshop are

shown in Appendix B.

Breakout sessions were used in each workshop to

allow participants to focus on their technical area of

expertise. Each breakout group was asked to scope out the

technical challenges facing reaction engineering in order

for it to be used to meet the workshop yardstick goals,

identify technical barriers to meeting those challenges,

and to list and prioritize the research needed to address the

barriers. The workshop participants were initially asked

to identify reaction engineering technical barriers and

research needs within the industries with which they were

most familiar, including basic chemicals, specialty chem-

icals, pharmaceuticals, and polymers. These industry

needs were then used as the basis for identifying what

research was needed in each of four key reaction engi-

neering technical development areas: reactor design,

chemical mechanisms, catalysis, and novel reactors. Par-

ticipants sorted the latter prioritized research needs into

four broad time frames in which they should be con-

ducted: 0–3 years, 3–10 years, 10+ years, and ongoing.

The results are summarized in Sections III – IV of this

report. The detailed technical barriers and research needs

identified in the breakout sessions are given in Appendix

C. Major chemical industry statistics and presentations

given at the workshop to set the stage for the brainstorm-

ing sessions are given in Appendices D and E, respec-

tively.

Roadmapping: A smaller working group of people

who attended the workshops used the output of the break

out sessions to develop the roadmap given in this docu-

ment and refine the linkages between the R&D needs.

Linkages are important to identify because they identify

instances of synergy between research activities that can

be exploited to accelerate progress toward the

roadmapping goals or reduce the cost of the research

required. Several industrial workshop participants

reviewed the results to assure accuracy of the final prod-

uct, which is given in Section I.

8 Vision 2020: Reaction Engineering Roadmap

TABLE II.1

National Roundtable for the Environment and the Economy Indicators

Material Indicator MI
Massof material purchased MT Massof product MT= −( ) ( )

Revenue US Cost of purchased materials US( $) ( $)−

Water Consumption Indicator WCI
Volumeof fresh waterused m

venue US Cost of

a

=
−

( )

( $)

3

Re purchased materials US( $)

Energy Indicator EI
venue US C

=
−

Net energy used (fence line) (MJ)

Re ( $) ost of purchased materials US( $)

Toxics Dispersion Indicator TDI = Total mass of recognized toxic materials released (MT)

Re

b

venue US Cost of purchased materials US( $) ( $− )

Pollutants Dispersion Indicator PDI = Total mass of recognized pollutants released c (MT)

Revenue US Cost of purchased materials US( $) ( $)−

a Definitions are required (e.g., non-contact cooling water, etc.).
b Using a nation’s most recognized list (the Toxic Release Inventory in USA, National Pollutant Release Inventory in Canada, etc.)
c The Pollutant Dispersion Indicator would include greenhouse gases, acid rain gases, eutrophication materials, ozone depleting chemicals, etc.



III. INDUSTRIAL SEGMENTS

RESEARCH NEEDS

III.A. Basic Chemicals

Summary: Technical experts in reaction engineering

identified the top research priorities for the basic chemi-

cals industry to be (a) develop the ability to predict physi-

cal/chemical and transport property data, and (b) improve

methodology for experimentally verifying computational

models. The key research needs are listed in Table III.A.1,

while the complete list of prioritized barriers and research

are provided in Tables C.A.1 and C.A.2 in Appendix C.

Situational Analysis: The current chemical reactor tech-

nology in the basic chemicals industry is mature. Equip-

ment is basically the same as it was twenty years ago.

Existing reactors work well, but analysis of their opera-

tion does not provide the complete understanding

required to optimize an existing process or apply the tech-

nology to a similar process. A major reason for this lack of

understanding is that heat and mass transport are not well

characterized.

The limitations associated with current reactors are

due to (a) lack of confidence in using existing tools in

reactor design, such as property/correlation techniques,

(b) new advanced theory based tools are still in an early

stage of development, and (c) there are not reliable

approaches for validating these tools under realistic oper-

ating conditions. As a result, full-blown pilot plants are

still required for process scale-up. Safety is predominant,

often preventing operation at conditions that would be

optimal for plant-scale performance. Materials available

for reactor construction often constrain economic optimi-

zation.

Innovations in the industry have recently been driven

by regulations, especially those related to the production

of clean fuels and their combustion. Because of the limita-

tions described above, these innovations have been

achieved by old-fashioned “brute force” empirical meth-

ods, rather than by approaches based on a more funda-

mental understanding of the basic chemistry and physics

of the processes.

In 2020, energy for the manufacture of chemicals will

come from a variety of sources, with near zero emissions

of gases other than pure H2O and clean CO2. Even clean

CO2 emissions will be controlled. Part of the CO2 will be

9

Table III.A.1

Key Research Needs for Basic Chemicals

(H = High Priority, M = Medium Priority)

Fundamental Science and Data (H) Model Verification (H) Characterization (M)

Need capability to predict reaction

properties

• Kinetics

• Transport

• Physical/chemical

Expand molecular modeling capabilities to

elucidate

• Solvation effects

• Bond order reactivity

Need to tighten integration of theory,

experiments and simulation

Need new novel reactor systems which can

be tested at laboratory scale

Need to use data taken under plant-scale

conditions for model verification

Develop systematic method for

measurements

• Standardize techniques

• Fine-scale CFD modeling

Develop experimental techniques for opaque

flows, steel reactors, and large-scale

reactors

Need better procedures for characterizing

and cross- correlating the operational

behavior of laboratory, pilot and plant scale

reactors

Need simpler, cheaper, more robust

equipment

Need new online techniques for tracking

• Local flow components

• Phase fractions for multiphase flows

• Composition

• Temperature



recycled through catalytic processes, and some will be

sequestered. There will be some shift to natural gas and

light alkanes, although alternative energy sources with

lower CO2 emissions will be found. The industry will

likely use cogeneration as a primary tool for improving

energy efficiency, together with the much broader use of

methanol- or oil-based fuel cells. The use both liquid and

gaseous hydrocarbons feed stocks will be limited to

“high-value-added” products. There will be a continuous

search for new feedstock with an attendant trend toward

more plentiful C-1 candidates.

Safety will still be paramount, but chemical processes

will be optimized to operate safely at more extreme condi-

tions. Environmental concerns will likely be elevated to

that of today’s safety standards. Design methods for

multifunctional reactors will be developed and these will

be in common use in industry. Dynamic and model-based

control, as well as non–steady-state processes, will be com-

monly used. Low inventory is expected, while more pro-

ductive use of capital will be of increasing importance.

Recycling will increase, and the current upward trend in

plant size will continue. Theoretical and simulation meth-

ods will be used in catalyst design. The use of biocatalysis

and electrochemistry will increase.

Advances in reaction engineering will lead to better

product properties in high-volume chemicals. New intra-

sector combinations will allow design of advanced products,

in terms of structure–process relationship, by linking com-

putational chemistry with chemical process engineering.

Existing tools, including experimental and computa-

tional tools, are not integrated, and are, therefore, often not

optimally used. Capability improvements and increased

integration of these tools are expected to play a key role in

bringing them into more widespread use in the basic chem-

icals industry. Simulation tools are expected to improve

computer-aided pilot-plant design/operation, and computer

models will be integrated with experiments. Pilot-scale

runs will be less extensive, being focused instead on the

characterization of specific elements of the process identi-

fied by modeling as critical. New reactor designs, influ-

enced by computational fluid dynamics will be more

efficient, reliable, and safe. Computers will be faster and

their interface with processes will be better, leading to more

efficient automated control of integrated processes.

Barriers: Several areas have been identified where tech-

nical barriers exist which threaten to prevent or slow

down innovations in reaction engineering. Technical bar-

riers that were identified and prioritized are as follows: (a)

Lack of online measurement techniques that allow experi-

mental model verification under projected operating con-

ditions is a barrier to further analytical and modeling

advances. Similar limitations in both laboratory and real-

plant characterization methods act as a weakness in sys-

tematic scale-up efforts. (b) Limitations in our ability to

predict physical, chemical, kinetic, and transport proper-

ties of molecules, including polymers and long-chain

organic molecules, is also a barrier to reactor character-

ization scale-up and design. (c) Often, the lack of under-

standing of complex chemical pathways and contactors/

reactors inhibits advancements in this field especially in

systems involving multiphase reaction environments.

A key research-related technical barrier is the segre-

gation of disciplines, which characterizes our current

chemical and chemical engineering education. As a result,

the current engineering curriculum is insufficient in fun-

damental physics and chemistry while the chemistry cur-

riculum is inadequate with regard to the importance of

transport issues and rate processes. More recently, the

rising emphasis on computer models has raised a problem

of over-reliance on models to the point that they are often

used beyond the range of their validity and without being

tested against common sense thinking and historic knowl-

edge. The risk and expense of implementing new technol-

ogies also poses a major inertial barrier in spite of the

acknowledged high cost of existing experimentally based

methods.

Research Needs: The following R&D needs were identi-

fied and prioritized in the order they appear below.

Experimental Verification of Reactor Models: New ideas

for novel reactors are needed. Better characterization of

both laboratory-scale and full-scale reactors is required.

Collaboration should be encouraged between modelers

and experimentalists for the generation of model input

and experimental verification of reactor models. Fine-

scale measurements for computational fluid dynamics

verification are important. Plant data for model refine-

ment should also be used.

Ability to Determine Properties: The ability to determine

physical and chemical, kinetic, and transport properties of

real and complex molecules, including polymers and

long-chain organic molecules, needs to be improved.

Quantum chemical and molecular simulation techniques

need to be adapted and coupled to experimental measure-

ments so as to enhance current predictive capabilities.

Better Tools for Characterization of Reactors: Better

tools are needed for reactor characterization. These tools

have to be simple, robust, cheap, and more accurate for

detailed measurements. Such tools are especially needed

for multiphase reactors where existing characterization

techniques and modeling strategies are particularly lim-

ited. Fast response lab analytical techniques need to be

hardened for use on operating plant-scale reactors. Non-

visual reaction tracking methods for extreme reactor con-

ditions are also needed.

10 Vision 2020: Reaction Engineering Roadmap



Research-Related Needs: Adjustments in the educational

system are also needed in order to meet the 2020 goals.

Interdisciplinary training is needed to assure effective

communication among team members having different

backgrounds. A five-year BS program in chemistry and

chemical engineering may be needed to achieve interdis-

ciplinary training. Incentives and resources should be pro-

vided for the development of interdisciplinary courses.

Also, interdisciplinary team projects should be encour-

aged early in the educational system. Faculty should be

encouraged to gain industry experience so as to keep

updated with current industrially significant reaction

engineering problems.

III.B. Specialty Chemicals
Summary: Technical experts in reaction engineering

identified the top research needs for specialty chemicals

to be (a) development of models to predict product prop-

erties a priori and for reactor/process design, and (b)

increasing reaction selectivity. The key research needs are

listed in Table III.B.1, while the complete list of priori-

tized barriers and research needs are provided in Tables

C.B.1 and C.B.2 in Appendix C.

Situational Analysis: Specialty chemicals represent a

wide diversity of high value-added products that are gen-

erally produced in relatively small volumes. These prod-

ucts are usually end-use/applications-oriented, and often

have a short life cycle (ca. five years). Examples of prod-

ucts in this category include cosmetics, fragrances, con-

sumer items, electronics manufacturing chemicals, water-

treatment polymers, sealants, polymer modifiers, reactive

monomers, specialty polymers, adhesives, oil additives,

and surfactants.

The area of specialty and custom chemicals has dis-

tinct characteristics that differentiate it from other catego-

ries such as commodity chemicals and petrochemicals;

pharmaceuticals, biochemicals and agricultural chemi-

cals; and polymers and polymer intermediates. Unlike

producers of large-volume chemicals, specialty chemical

manufacturers must be more agile, and the cost of produc-

tion is more important than for pharmaceutical producers.

Companies generally produce many specialty products

using the same equipment. Because of the scale of pro-

duction, batch reactors are very common, with continuous

processes used for some higher-volume precursors.

Specialty chemical companies are continuously

driven to improve current products and to make new ones.

Development generally follows the progression from lab-

oratory research to pilot plant studies to manufacturing

plant operations; however, due to constraints of time and

money, there is increasing pressure to minimize or bypass

pilot-scale work. However, this is difficult due to limited

tools for understanding interactions of transport and

chemistry in scale-up.

Processes used for production of specialty chemicals

are not optimized to nearly the extent of commodity

chemicals. In this competitive area, it is important to get

the product to market quickly, often using existing equip-

ment and optimizing the production process later, if justi-

fied. There are at least two challenges presented by this

situation: developing a viable process while skipping

some of the classical steps of scale-up, and determining

the cost-effective level of optimization.

There is good projected growth for specialty chemi-

cals in general. It is expected that U.S. companies will

maintain some hold on their current leadership position,

playing a continued significant role in 2020. The specialty

chemical market will be increasingly customer driven.

Since there is a semi-infinite number of chemicals that can

be produced, it is very difficult to predict the major prod-

ucts of 2020. Specialty chemicals manufacturers will

follow the needs of emerging new technologies (e.g., fuel

cells, next-generation computers, pharmaceutical precur-
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Table III.B.1

Key Research Needs for Specialty Chemicals

(H = High Priority, M = Medium Priority)

Fundamental Science and Data Reactor Design Characterization

Develop more sophisticated simulation

models which can (H)

• Predict product properties a priori

• Facilitate reactor/process selection

• Facilitate simultaneous catalyst/ reactor

design

• Enable “virtual” process optimization

Increase reaction selectivity via (H)

• Biochemistry, enzymes, biomimetics

• Catalysis, biocatalysis

• Combinatorial chemistry

Design efficient reactors (M)

• Good understanding at small scale

• Novel reactors

Improve chemical sensors (M)

• Cheap

• Reliable

• Nonintrusive



sors) and will adapt to provide the chemicals desired by

the new markets. There will almost certainly be a drive

toward increasingly more complex chemistries.

An idealized picture of 2020 for the specialty chemi-

cals industry would include zero waste emissions.

Although this will likely not be realized, some major steps

could be made toward reusing byproducts. The byproduct

of one process is often a valuable source material for some

other product. In order to make use of byproducts, we will

need a byproduct market network, with an information

system capable of identifying opportunities.

Barriers: The main barriers to improvements in specialty

chemical processes are both technical and business-related.

There is room for significant technical improvement; more

R&D would be performed if it were better, faster, and more

cost-effective to do so. Technologies such as in-line sen-

sors, rapid screening tools for kinetics (e.g., combinatorial

chemistry), coupling computational fluid dynamics with

lab kinetics data for scale-up, and ways to turn analytical

information into accessible knowledge will improve the

payoff of R&D. However, there is a lack of standard meth-

ods for applying life-cycle analysis to justify economic

investment/improvements. Therefore, an opportunity for

improvement exists through quantifying optimization pay-

back, considering both the cost of optimization and the sav-

ings of optimized processes.

Research Needs: Modeling and information technology

will have a significant impact in overcoming technical

barriers. A major improvement envisioned for 2020 is the

development of models for design of processes based on

desired product properties. These models will provide a

systematic means for predicting product qualities and per-

formance from chemical structure, calculations, etc., to

aid in the discovery process. The models will link to pro-

prietary and open literature data on chemistry, catalysis,

and reactor models to create virtual reactors/processes.

Combinatorial approaches will be enabled, and process

screening and optimization will be made through incorpo-

ration of materials and cost constraints as well as market

drivers. Such models will guide laboratory work based on

the desired product qualities, define and minimize labora-

tory confirmation tasks, and ultimately provide recom-

mendations on process size and configuration.

The industry in 2020 will also have improved process

technologies. Miniaturization, such as reactors on chips,

will facilitate laboratory-scale work, and may result in a

prevalence of small-scale continuous processing. Combi-

nation reactors, such as reactor/separators, will achieve

greater efficiency. Improved, cheaper, robust sensors and

instrumentation will allow greater understanding and con-

trol of processes. Modes of manufacturing may change;

for instance, products may be manufactured in-process in

portable reactors. “Magical” lab/pilot plant technology

faithful to manufacturing reactor/process and improved

methods for process definition/scale-up will provide

methods to go directly from lab to manufacturing in many

cases. Full-scale processes will use equipment that is

more flexible than the conventional large batch reactor,

perhaps through multiplexing of well-understood reactors

of smaller scale.

The main target areas for improving performance in

specialty chemicals are predicting product quality and

performance a priori, improved process synthesis (predict

best reactor process by virtual process optimization), vali-

dated models of processes, increased selectivity, sustain-

able operations, faultless processes (need perfect

knowledge of chemistry and transport processes; avoid

waste production, minimize consumption; recognize

cradle to grave societal costs), improved process technol-

ogies, improved sensors, and alternative and/or novel

reactors.

III.C. Pharmaceuticals
Summary: Technical experts in reaction engineering

identified the top research priorities for the pharmaceuti-

cal industry to be: (a) better experimental screening tech-

niques to reduce development time and costs, (b)

combinatorial techniques to evaluate synthesis, (c)

thermochemical and thermophysical property data for

complex systems, (d) better catalysts, and (e) improved

reactor design for high purity, selectivity, and yield. The

key research needs are listed in Table III.C.1, while the

complete list of prioritized barriers and research needs are

provided in Tables C.C.1 and C.C.2 in Appendix C.

Situational Analysis: The nature of pharmaceutical

chemicals is that they interact with the human body.

These chemicals typically resemble or mimic natural mol-

ecules. The most effective ones are readily available, safe,

and easy to administer. These molecules may be small or

large peptides, mimicking a protein, polysaccharide, or

antibody. They often have chiral centers.

Smaller size (molecular weight <1000) pharmaceu-

ticals make up approximately 90% of the existing phar-

maceutical sales and typically require multistep organic

synthesis to manufacture. These tend to be better messen-

gers; they have higher permeability, are more tunable or

easily modified, are more stable, are more soluble, and

have higher diffusion coefficients. The remaining 10% of

sales are derived from larger bioactive molecules derived

from cell culture/fermentation. These molecules are typi-

cally too complex for traditional organic synthesis. Com-

ponents in vaccines and therapeutic proteins with high
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binding specificities are examples. The surge in biotech-

nology is focused primarily on these.

Drug discovery starts with an understanding of the

nature of a disease. Understanding the mechanism of a

disease leads to an assay or simulation; this in turn allows

the development of a screening process in which the pro-

spective pharmaceutical is produced on a small batch

scale and tested against the disease.

Batch reactors are the norm for full-scale production

of pharmaceuticals. These reactors can typically take

multiple feeds, are easy to clean, and rarely require spe-

cific reactor design modifications. Sometimes highly exo-

thermic reactions require special precautions, but these

are uncommon. Continuous reactors are only used in spe-

cial cases, such as when very fast reactions are involved.

Production volumes vary considerably. Typical

ranges are 100 to 2000 gallons capacity, with product

levels as high as 500 kg per batch. Most reactors typically

operate between –70 and 150 oC. Stoichiometric consider-

ations are generally limited by the most expensive reac-

tants. Twenty percent of processes involve catalytic

reductions—mostly liquid phase with solid catalysts. A

small fraction of catalysts are homogenous and

enantioselective, having the advantage of high selectivity

and yield. There may be 8 to 15 steps involved in making a

product, with a typical step yield of 85%. Reactions are

usually one-way, rather than having equilibrium limita-

tions. Pharmaceutical processes tend to generate very

dilute solutions that require complex separation steps

(including chromatography) for recovery of intermediate

and final products. Proper selection of solvents is impor-

tant for maintaining the purity of the final product.

A diagram of the current sequential pharmaceutical

development process is shown in Figure III.C.1. The

length and complexity of the reaction synthesis has a

major impact on the cost of pharmaceuticals. If steps

could be either omitted or simplified, it would have a dra-

matic effect on the costs. These improvements are gener-

ally made by altering the chemistry of the process. If new

separation techniques could be employed, then produc-

tion costs can also be lowered since these tend to be a

large percentage of the total cost (perhaps 80% or more).
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Table III.C.1

Key Research Needs for Pharmaceuticals

(H = High Priority, M = Medium Priority)

Discovery Stage Product Synthesis Process Development Plant Operations

Develop better screening

techniques (H)

Develop better combinatorial

techniques to evaluate synthesis

options (H)

Improve experimental design to

reduce cost and time

requirements (H)

Develop fundamental models for

synthesis chemistry and entire

system(M)

Develop better catalysts to

improve specificity (H)

Develop methods to determine

thermochemistry and properties

data more precisely (H)

• Chiral compounds

• Isomers

• Nucleation/crystallization

Develop highly selective,

durable, online instrumentation

(M)

Understand solvation effects (M)

Design improved reactors (H)

• High purity, easily separated

product

• High selectivity

• High yield

Reduce time and cost for process

development (H)

• Revamp registration process

• Cross-disciplinary training

• Better resource management

tools

• Model development cycle to

manage personnel and risk

Understand solvation effects (M)

Develop robust scheduling tools

for batch processes (M)

Develop highly selective,

durable, online instrumentation

(M)

Develop cheap, easily applied

sterilization processes (M)

Figure III.C.1. Current sequential process for

pharmaceutical development



To improve the process as much as possible, engineers

and chemists must collaborate through all phases of the

process, and work together closely. Process engineering

must be considered during synthesis and vice versa.

Raw materials costs, time required for development,

and capital costs are also factors that will influence the

pharmaceutical industry in the future. Speed is becoming

more and more important, especially as the Food and

Drug Administration begins to give drug approvals in less

than a year. Better integration of the manufacturing pro-

cess will be essential in 2020. Better coupling of synthesis

and separations will be prominent in the future. This will

be particularly true for chiral separations. These hybrid

processes will simplify reaction and make better use of

materials. For example, existing racemic syntheses

requiring four steps may be condensed into a single step in

the future. Although we will have better control of each

reaction step, reaction mechanisms will still limit the

number of processing steps.

Innovative solvents will be more prominent by 2020.

There will be more use of aqueous solvents, more consolida-

tion of nonaqueous solvents, and fewer solvents used in gen-

eral (which means fewer recovery steps). Use of safer

reagents will be more common. Syntheses may be rede-

signed to reduce the quantities of toxic materials produced.

Impurity control will be very important. Currently, allow-

able impurity levels are typically set at 1000 ppm (or 0.1 %).

There may be much better software for better phar-

maceutical design and production. Multipurpose pharma-

ceutical factories will be the norm. For instance, a plant

might produce one drug continuously for one month, then

switch modes to manufacture a different drug. Pilot plants

will still be essential, since these generate the clinical sup-

plies needed for testing approvals. This differs from com-

modity chemical production, which may be able to bypass

pilot production using advanced design tools.

For pharmaceuticals, there are two sustainability

indicators that should be added to the list discussed in

Section II: (a) return on investment for equipment, and (b)

speed to market. Most reactors in the pharmaceutical

industry are glass-lined batch reactors. There is not a huge

incentive to change to more complex reactor types. And,

although multifunctional, multicomponent feedstocks are

desirable in general, feedstock costs are not typically driv-

ers for pharmaceutical syntheses. Speed to market is

essential. Water usage, listed as a sustainability indicator

in Section II, is not a cost driver for pharmaceuticals since

batches are small (a few thousand gallons) and infrequent

(two or three per year). Energy requirements to heat, cool,

or sterilize equipment during operation are not significant

for this industry. For systems that require multistage, ster-

ile processing, however, sterilization costs may be an

important factor.

Barriers: There are currently several high priority techni-

cal barriers that will impact advancements in reaction

engineering in the pharmaceutical industry. The first is a

lack of effective reaction modeling tools. There is pres-

ently no method to model synthesis for the reaction

system as a whole. There is also a lack of catalysts to per-

form these syntheses efficiently. Selectivity of pharma-

ceutical separation processes can be very low. There is a

lack of high-speed reaction/synthesis screening tools to

predict impurities in products. There is also a lack of fun-

damental understanding of chemical systems involved in

the production of pharmaceuticals. This includes thermo-

physical properties, mechanisms, chiral processing, and

solvent effects. Bioreactors for novel products are rare,

and their designs are presently too simplistic.

Research-related technical barriers include the lack

of cross-disciplinary training of chemist and chemical

engineers at universities. The simultaneous regulation of

products and processes limits development opportunities.

Once a product goes into clinical testing, its process is

fixed and can no longer be modified without revalidating

it with further clinical tests.

Research Needs: The group identified high priority

research needs and categorized them by stages in the drug

development process:

Discovery: High priority research needs include better

screening tools and more efficient experimental designs

to speed up the drug development process. Concurrently,

better combinatorial techniques are needed to evaluate

potential synthesis routes.

Product Synthesis: Better catalysts are needed to improve

the specificity of synthesis. More precise thermochemical

property data are needed for complex systems such as

chiral compounds, isomers, and nucleation/crystalliza-

tion. Better instruments are needed to monitor and control

the synthesis process.

Process Development: New reactor designs are needed to

improve selectivity, yield, and solvation. Of special interest

are designs that integrate the reaction and separation steps.

Research-Related Needs: Cross-disciplinary training of

biologists, chemists, and chemical engineers is needed at

universities. Changing the regulatory process to de-

couple regulations on product and the production process

would allow for innovation.
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III.D. Polymers and Polymer
Intermediates

Summary: Technical experts in reaction engineering

identified the top research priorities for the polymers

industry to be: (a) better experimental screening tech-

niques to reduce development time and costs, (b)

advanced property prediction capabilities, (c) the ability

to link process conditions to product properties (at the

micro-, meso-, and macro-scales), and (d) designing poly-

mers that can be disassembled (unzipped) for recycling.

The key research needs are listed in Table III.D.1, while

the complete list of prioritized barriers and research needs

are provided in Tables C.D.1 and C.D.2 in Appendix C.

Situational Analysis: At the present time, industry is

focused on making new polymers with better properties.

Today this is primarily done by developing new catalysts

to make polymers with new microstructures. Reactor

designs have not changed significantly over the last 30

years. This trend must change in the future for the industry

to remain competitive.

The future market for polymers is expected to grow

significantly if the public perceives the industry to be envi-

ronmentally friendly. In order to achieve this, toxics (chlo-

rinated solvents) should be eliminated, and polymers will

need to be recyclable. The trend towards full life-cycle

product ownership will continue. Water reuse will also be

important in the future. This will result in an increased need

to convert to nontoxic solvents and/or solventless pro-

cesses. Feedstocks are likely to change from petroleum-

based to gas and/or bio-based feed stocks (wood, cotton,

etc.) and carbon dioxide. Processes will need to be devel-

oped to deal with the variability in the new bio-based

feedstocks and the need for more stringent quality control

on products. New computational methods will be needed

to achieve these objectives and to bring new products to

market in an economical, timely manner. Corporate deci-

sions are likely to be based much more on total cost

accounting and sustainability evaluations in the future.

New specialty polymers will be developed in the

future which have vastly different microstructure proper-

ties. The improved properties, which will result, will

enable these polymers to replace energy-intensive materi-

als in many applications—such as steel, wood, and other

building materials; vehicle applications—and to have

new uses, such as drug encapsulation, electro-optical

materials, and prosthetics.

Barriers: There are several technical barriers that must be

overcome to achieve the future potential of the polymer

industry. These include inadequate raw material supplies

and processing capabilities. Existing computational tools

are lacking in their ability to design polymers and cata-

lysts. To support these models, there needs to be a better

understanding of the interaction between properties,

structure, and the process by which these polymers are

manufactured. In order to recycle polymers, materials

must be depolymerized, or unzipped. The development

time required to bring new processes on line and new

products to market needs to be significantly reduced.

Research Needs: The group identified high-priority

research needs and categorized them as follows:
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Table III.D.1

Key Research Needs for Polymers

(H = High Priority, M = Medium Priority)

Modeling Materials Development Processing

Develop advanced combinatorial methods

for polymer property screening (H)

Need better advanced property prediction

capabilities (H)

• Infrared

• Materials strength

Need fundamental-based reactive

computational fluid dynamics models

for simulating large molecule reaction

environments (M)

Need models to control spatio-temporal

gradient patterns in reactors (M)

Design new recyclable polymers (H)

Design catalysts to disassemble existing

polymers for recycle (H)

Need better models to connect process

conditions and polymer product properties

(H)

• Link micro-scale to meso-scale to macro-

scale properties

• Understand interaction between

properties, structure, and performance

• Understand catalyst and polymer design

Need online monitors for in situ property

measurement and reactor analysis (M)

Develop novel ways to combine reactions

and separations (M)



Modeling: Better computational methods are needed to

allow predictive design of polymers and catalysts. A fun-

damental understanding of the relationship between reac-

tor operating conditions and product properties at all

levels (micro-, meso-, and macro-scales) is needed to sup-

port these models and improve process operations. New

computational fluid dynamic models are needed for the

complex viscous flow systems involved in reactions of

large molecules. Models are also needed to control spatio-

temperal gradients in reactors. Needs include faster com-

puters, more accurate algorithms, accurate semi-

empirical parameters for model input, experimental data

for model input and validation, multiscale approaches,

and ultimately, fundamentals-based approaches.

Materials Development: New polymers need to be

designed that can later be broken down to monomers on

demand to facilitate recycle. New catalysts need to be

developed to facilitate depolymerization, or unzipping, of

existing polymers for future recycle. Better experimental

screening methods need to be developed to reduce devel-

opment time and costs.

Processing: Online monitors are needed for property

measurements and reactor characterization. The need is to

measure chemical and materials properties, such as Fou-

rier Transform Infra-Red, material strength, spectra, and

nuclear magnetic resonance. They can also be used for

advanced process control once reactor operations can be

linked to materials properties.

Novel methods are needed to combine reactions and

separations in one step. These include reaction injection

molding, reactive extrusion, reactive separations, and

transport phenomena.
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IV. TECHNOLOGY SEGMENT

RESEARCH NEEDS

IV.A. Reactor Design and
Scale-up
Summary: Industrial experts in reaction engineering

identified the top priority research needs for reactor

design and scale-up to be: (a) physical/chemical and

transport property data for input into and verification of

models, and (b) development of robust models for reactor

design and synthesis development. The key research

needs are listed in Table IV.A.1, while the complete list of

prioritized research needs are provided in Table C.E.1 in

Appendix C.

Situational Analysis: The traditional scheme for reactor

system selection, design, and scale-up has been labora-

tory-scale development to pilot plant testing to full-scale

production. Throughout this progression, a range of activ-

ities involving varied skills is employed. At the laboratory

scale, process R&D involves such tasks as chemists mod-

eling and synthesizing new compounds, engineers assess-

ing processing alternatives, and financial analysts

evaluating profitability. At the pilot scale, process engi-

neers translate bench research into small-scale processes,

test and validate process approaches, and redesign and

adapt as necessary. In the transition to production scale,

engineers further test and adapt processes, validate per-

formance at full scale, and perform operator training and

process documentation.

The key elements in process selection and scale-up

may be summarized as:

1. Synthesis of alternatives

� reactor synthesis

� verification

� detailed design

2. Evaluation of alternatives

� economics

� safety

� environment

� quality

� controllability

3. Resource allocation to reduce

� experimentation

� pilot plant operation

� uncertainty

� development of new models

� manpower required

4. Performance optimization

5. Construction of reactor systems.

Generally, extensive pilot-plant testing is not cur-

rently undertaken for systems for which a large experi-

ence base exists and/or for which there are trusted models.

Some examples are liquid-phase reactors, tubular reac-

tors, fixed-bed reactors, trickle-bed reactors, and some

fluidized-bed reactors. On the other hand, demonstration-

scale pilot testing is vital for multiphase reactors and

nearly all reactors for which heat transfer and/or mixing

effects are important.

Throughout the chemical industry, a uniform desire

is to make process scale-up faster and cheaper. However,

full-scale designs must be robust and of high quality. It is

necessary to obtain sufficient information on new prod-

ucts or processes prior to scaling up to avoid economic

loss and possibly significant safety problems.

The main sustainability performance goal in reactor

system selection, design, and scale-up for 2020 is to

reduce the number of development steps used to move

from the lab to commercial production. Attaining this

goal will improve performance in two ways: (a) the

amount of resources spent and waste produced during

scale-up will be minimized by reducing the number of

testing stages, and (b) the improved process synthesis/

design methods will produce more efficient processes.

Research Needs: To meet the future goals of reactor

design and scale-up, progress is needed in a number of

areas: fundamental data, modeling, experimental tools,

processing, and education.

The improved process models of the future will be

integrated, validated tools that span all size scales. Such

models will incorporate fundamentals of chemistry, reac-

tion kinetics, and transport processes. They will capture

the complexity of real systems at fine scales; this will be

particularly important for multiphase systems that are cur-

rently extremely difficult to scale up. By incorporating
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detailed reaction chemistry and transport, the models will

determine selectivity and even predict production of

byproducts at trace levels in side reactions. Integrated

modeling of reactions and separations will provide com-

plete reaction and reactor synthesis tools suitable for sys-

tems-level assessment of safety and economics.

Modeling will also help to determine the value of various

types of information, providing a measure of sensitivity,

reliability, and uncertainty in process measurements.

The models of the future cannot be developed with-

out experimental verification. Modelers and experiment-

ers need to work together to obtain needed knowledge and

capability. New ideas for lab reactors are needed to

improve the efficient collection of complete and accurate

kinetic data. Better characterization of lab-scale and full-

scale reactors is needed, coupled with a better understand-

ing of the effects of transport phenomena on reaction pro-

cesses. A key for improving the understanding/

characterization of processes at various scales is the
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Table IV.A.1

Key Research Needs for Reactor Design

(H = High Priority, M = Medium Priority)

Need Category All (Ongoing Processes) Near Term (0–3 Years) Mid-Term (3–10 Years) Long-Term (10+ Years)

Fundamental Data

and Science

Data for validation of

models across multiple

scales (H)

Capture uncertainty

variability in

measurements of data

used in models (H)

Obtain better

characterization of lab-

scale reactors for

obtaining kinetic data (H)

Obtain thermochemical

and transport property

data for complex systems

such as chiral isomers (H)

Develop laboratory

reactors for synthesis of

specific complex

chemistries (H)

Obtain thermochemical

and transport property

data for complex systems

such as chiral isomers (H)

Develop micro-reactors

for obtaining experimental

design and modeling data

(H)

Experimental Tools Develop accelerated

methods to predict

catalysts deactivation and

time-dependent product

properties (M)

Develop methodology to

accelerate the scale-up of

processes including

redefining the role of pilot

scale (M)

Processing System optimization (H)

• Scheduling

• Parameter estimation

• Experimental design

• Risk/resource

management

Improved sensors (M)

• Cheap, reliable

chemical sensors

Improved sensors (M)

• Advanced

instrumentation

strategies

Improved sensors (M)

• Advanced

instrumentation

strategies

• Smart tracers for in

situ, real-time

measurement of

composition,

temperature, flow,

pressure, & telemetry

Improved sensors (M)

• Smart tracers for in

situ, real-time

measurement of

composition,

temperature, flow,

pressure, & telemetry

Modeling Develop models of

reactions with mixing and

transport (H)

• Scaling tools

• Property prediction

Develop reactor synthesis

models (H)

• Geometry

• Heat & mass transfer

• Materials selectivity

• Trace products

• Separations

Develop models which

incorporate chemistry,

kinetics and transport at a

more fundamental level

(H)

• Scaling tools

• Property prediction

• Develop tighter

integration of theory

and experiment into

models

• Improve model

precision to incorporate

more detail on side

reactions and trace

impurities



development of cheap, reliable chemical sensors. It is

highly desirable to develop monitors/sensors for in situ,

real-time measurement of composition, pressure, flow,

temperature, etc. with accompanying telemetry data.

Accelerated property testing will also be a key feature in

experimental/modeling progress. Improved methods for

determining and predicting catalyst deactivation and

time-dependent product properties (e.g., quality and sta-

bility) will greatly advance process efficiency and reduce

waste.

A research-related need is improved education. This is

perhaps nowhere seen more plainly than in process scale-

up, where a multitude of skills is necessary. In the future it

will be increasingly important for engineers to have an inte-

grated knowledge of chemical systems and design tools,

and for chemists to have a deeper awareness of plant-scale

transport issues. This may entail a five-year BS education

in both disciplines. Equally important will be improved

interaction between industry and academia, including

industrial experience programs for faculty and scholar-

ships/fellowships for visiting scholars from industry.

IV.B. Chemical Mechanisms
Summary: Technical experts in reaction engineering

identified the major research priorities for chemical

mechanism development to be (a) micro-kinetic experi-

mental capabilities, (b) methods to integrate solvent

effects into reaction models, (c) tools to couple process

chemistry and process modeling, and (d) methods to

determine macroscopic properties from molecular struc-

tures. The key research needs are listed in Table IV.B.1,

while the complete list of prioritized research needs are

provided in Table C.F.1 in Appendix C.
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Table IV.B.1

Key Research Needs for Chemical Mechanisms

(H = High Priority, M = Medium Priority)

Need Category Near Term (0–3 Years) Mid-Term (3–10 Years) Long-Term (10+ Years)

Experimental Tools Develop accessible microkinetic

experimental capabilities (H)

• Heterogeneous catalysis

• Multiphase systems

Better sensors (M)

• Fast response to track

transient species

• Online analyses

• Multi-species

• Multiphase

Mechanism Capabilities Improve precision of

electronic structure methods

to calculate reaction rate

parameters, transition states

and heats of reaction (M)

Develop methods to integrate

solvent effects into reaction

models (H)

• Especially for weak forces

Expand mechanism development

methods (M)

• Electrochemical processes

• Photon processes

• Plasma-driven processes

Mechanism Inputs Develop models with surface

species migration and reaction

under full range of process

conditions (M)

Obtain thermophysical,

thermochemical, and kinetic

data for property models (M)

Obtain thermophysical,

thermochemical, and kinetic

data for property models (M)

Develop theoretical and

experimental methods for

macroscopic properties from

molecular structures (H)

Mechanism Development Tools Couple process chemistry

models with experiment to

elucidate understanding (M)

Develop practical tools which

couple process chemistry with

process modeling (H)

• Better use interface

• Better software integration

• More robust numerics



Situational Analysis: Figure IV.B.1 shows that the pro-

cess for development of chemical mechanisms is an itera-

tive, interactive one. Computational results, literature data,

and experimental information are used to determine the

chemical mechanisms and thermodynamic and transport

properties. This information feeds into reactor simulation

models. The model output is compared to actual reactor

data, and used to modify the computational models. In

order to perform chemical mechanism development effec-

tively in the future, each of these areas needs improvement.

In addition, the interface between areas must be enhanced.

Experimental data (as well as online analytical tools to

obtain the data) are needed for input into and validation of

models. Faster more efficient methods are needed for eval-

uating data and converting existing data into useful inputs

for computational tools. Better mechanism development

tools are needed, and better mechanism discrimination (or

reduction) tools are needed. Existing tools are not powerful

enough, not fast enough, and require too much specialist

knowledge. Reliable, efficient numerical tools with good

user interfaces are needed. Programs similar to ASPEN,

but built on realistic molecular science, can be envisioned

for the future. More effective tools need to be developed to

couple the process chemistry with the process modeling at

the micro-, meso-, and macro- scales. Experimental design,

user interface, software integration, and numerical methods

must all work closely together to develop an efficient

system that will improve reaction engineering.

Research Needs: The research needs associated with

chemical mechanisms were grouped into four technical

areas and prioritized: experimental tools, mechanism capa-

bilities, mechanism inputs, and mechanism development

tools. The high priority research needs primarily deal with

development of models to predict chemical mechanisms:

• development of accessible microkinetic experi-

mental capabilities to obtain data for models (par-

ticularly for heterogeneous catalysis),

• development of methods to integrate solvent

effects into reaction models,

• development of practical tools to couple process

chemistry with process models, and

• development of theoretical and experimental meth-

ods to obtain macroscopic properties from molecu-

lar structures.

Medium priority research needs included development of

models with surface species under the full range of process

conditions; obtaining thermophysical, thermochemical,

and kinetic data for input into properties models; and devel-

opment of fast, accurate online sensors for multiphases and

multispecies to track transient intermediates at laboratory

and plant scale. More accurate electronic structure methods

need to be developed to calculate rate parameters, transi-

tion states and heats of reaction. More reliable automated

procedures are needed for pathway analysis and pruning

rules in both forward and reverse directions. Mechanism

development methods should also be expanded to include

electrochemical, photon-, and plasma-driven processes.

IV.C. Catalysis
Summary: Technical experts in reaction engineering

identified the major research needs for catalysis to be (a)

better in situ characterization and synthesis methods, (b)

system integration techniques to optimize catalyst and

reactor design and operations concurrently, (c) catalysts

for solid matrices, and (d) fuel-cell-related catalysts. The

key research needs are listed in Table IV.C.1, while the

complete list of prioritized research needs are provided in

Table C.G.1 in Appendix C.
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Situational Analysis: The Vision 2020 Catalysis Report

has been completed, and a copy can be obtained from the

DOE/OIT web page. The situational analysis and the

research needs for the general chemical industry are sum-

marized in that report. Research needs specific to reaction

engineering are summarized below.

Research Needs: Catalysis research needs specifically

required for reaction engineering were identified and cat-

egorized into five technical areas: basic chemistry, exper-

imental tools, processing, modeling, and design. The

highest priority research need was the development of

better in situ techniques for sensing and characterization

(both at the bench scale and for plant operations). Catalyst

development for fuel cells was seen as the next highest

priority. This was closely followed by the need for sys-

tems integration. At the laboratory scale, there is a need

for combining experimental tools and modeling tools to

yield kinetics and reactor design information in one com-

bined step. At the plant scale, there is a need for integrated

reactor system design to optimize the reactor operations

and catalyst at the same time. Other high priority research

needs include stereo-selective synthesis and design of

catalysis for applications involving solid matrices (e.g.,

coal and complex matrix polymers). Access to chemical

sites is limited in materials such as these.

Medium priority research needs for basic chemistry

development include improved catalysts for processes

involving selective oxidation, hydrocarbon activation,

Fischer-Tropsch synthesis, and for enabling utilization of

alternative feed stocks. Experimental tools needing devel-

opment include techniques to detect transient intermedi-

ates (tightened temporal analysis of the reaction which is

highly specific to intermediates), and techniques for high
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Table IV.C.1

Key Research Needs for Catalysis

(H = High Priority, M = Medium Priority)

Need Category All (Ongoing Processes) Near Term (0-3 Years) Mid-Term (3-10 Years) Long-Term (10+ Years)

Chemistry Fischer-Tropsch

synthesis (M)

Mechanistic studies (M)

Catalysis of alternative

feedstocks (M)

Fuel-cell-related catalysis

(H)

Stereo-selective synthesis (H)

Selective oxidation (M)

Catalyst support design (M)

Hydrocarbon activation

(M)

Experimental Tools Development techniques

for high throughput

screening and synthesis

(M)

Better in situ techniques for

sensing and characterization

at both bench and plant scale

(H)

Detect transient

intermediates (M)

Processing Advanced analysis tools

and precise data

screening (e.g. neural

nets) (M)

System integration

(laboratory): combining

experimental tools and

modeling tools to give

kinetics and reactor design in

integrated easy steps (M)

System integration (plant

scale): Optimize both the

catalyst and reactor at the

same time (H)

Fundamental

understanding of plant-

scale processes (M)

Modeling Tools Based on fundamentals

rather than empirical

(M)

Transport (M)

Predicting catalyst life

(M)

Develop better screening

and design tools to

accelerate development

for new catalysts (M)

Achieve better integration

of models and experiment

(H)

CFD with catalysts (M)

More sophisticated

prediction of product quality

and performance a priori

(model and validation) (M)

Develop models to predict

life as well as

performance

Catalyst Design Attrition, coking,

deactivation issues (M)

Contacting patterns

between catalyst and

reatants. (M)

Supercritical and subcritical

catalysis (M)

Increase selectivity for site-

specific catalysts,

biocatalysts, enzymes,

biomimetics (M)

Design catalysts for

applications involving

solid matrices (e.g., coal,

complex polymers) (H)



throughput screening and synthesis. Processing needs

include advanced analysis and precise data screening (e.g.

neural nets) tools, and being able to extract fundamental

information from plant data. Modeling tools are needed to

reduce development time for new catalysts, using funda-

mental information in conjunction with experimental

input. Models are needed which can predict catalyst life as

well as product quality and performance. Catalyst design

needs include developing materials for supercritical and

subcritical systems; understanding contacting patterns

between catalyst and process fluids; reducing attrition,

coking, and deactivation; and increasing the selectivity

for site-specific catalysts, biocatalysts, enzymes, and

biomimetics.

Research-related needs included increased interdisci-

plinary training at the university level.

IV.D. Novel Reactors
Summary: Development of new, nonstandard reactors is

dependent on advances in fundamental research and

enabling technologies needed to apply this to reactor design.

Research areas include intensified reactors (in terms of

energy efficiency, mass transfer, heat transfer, etc.), rapid

heating and cooling, structured contacting, external field-

assisted and photochemical reactions, and reactors for

extreme conditions. Enabling technologies include new

materials development, systems integration, micro-

properties and phenomena determination, multistage

design capabilities, and self-assembling reactor develop-

ment. The key research needs are listed in Table IV.D.1,

while the complete list of prioritized research needs are

provided in Table C.H.1 in Appendix C.
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Table IV.D.1

Key Research Needs for Novel Reactors

(H = High Priority, M = Medium Priority)

Need Category All (Ongoing Processes)

Near Term (0–3

Years)

Mid-Term (3–10

Years)

Long-Term (10+

Years)

Fundamental Data

and Science

Develop micro-properties and phenomena

(M)

Develop automated

synthesis (M)

Develop artificial

cells (M)

Materials Better materials (H)

• Extreme conditions

• Micro-fabrication

• Catalysts

• Sensors

Design Improve systems integration (H)

Develop multiscale design capabilities (H)

Develop self-assembling reactors (H)

Develop intensified reactors (H)

Develop structured contacting (H)

Develop biomolecular design capabilities (H)

Develop rapid heating/cooling systems (H)

Develop external-field assisted reactions (H)

Develop/demo photochemical reactors (H)

Develop ultra-low-

cost reactors (M)

Develop fuel

processors (M)

Demonstrate Value Develop/demo

immobilized cell and

enzyme reactors (H)

Develop reactors for

extreme conditions

(M)

Develop/demo

electrochemical

reactors (H)

Develop/demo

biomimetic reactors

(H)

Develop/demo

biomimetic reactors

(H)

Enabling

Technology

Micro fabrication

techniques for micro

reactors (M)

Advanced materials

for extreme

condition reactors

(H)



Situational Analysis: The following properties have

been identified as desired functionalities for the novel, or

nonstandard, reactors of the future. Their capital cost has

to be reduced, while heat and mass transfer characteristics

have to be improved. Energy requirements should be

reduced, while safety standards should remain high.

Advanced knowledge of reactor operation should allow

intensification of nonstandard reactors. In addition, non-

standard reactors should allow complete data acquisition

and predictive modeling that would lead to better process

integration and easier scale-up and miniaturization. They

should be multifunctional, in terms of chemical reactions

and separation, capable of producing ultrapure products.

They should be versatile and controllable, and they should

handle transient operation. Improved design methods

should streamline reactor design contributing to reduced

time-to-market.

Projected requirements in the fuels and energy indus-

try include production of cleaner gasoline, as well as

hydrogen and methanol. More renewable fuels will be

produced, driven by requirements for lower emissions.

Smaller and more modular reactors will be needed, while

safety standards will be kept high. In the transportation

industry, fuel cells, and especially fuel reformulation, will

be important. In the basic chemicals and commodities

industry, the requirements will be: higher selectivity and

yield, less waste, less capital cost, less energy needs, and

less emissions. The trend in feedstocks will be away from

fossil fuels and toward broader use of more renewable

bioderived fuels. More recycling will be practiced, and

more biodegradable products will be produced. Safety

standards will remain high. In the fine chemicals industry,

reducing the time to market will be a driving force. Higher

versatility, in terms of transferring the reactor technology

to different processes, and higher purity will be very

important. Also, how reactors are scaled up will be a

determining factor in the development of nonstandard

reactors. In the polymers industry, tailoring the properties

of products with thermodynamic and transport properties

of chemical reactors will be one of the driving forces for

the development of novel nonstandard reactors. Product

purity, ability to recycle a product, and ability to control

the polymer microstructure will also be important in the

development of nonstandard reactors. Tailored proper-

ties, microstructure control, solids handling, consolida-

tion of process steps, will also be important in the

development of nonstandard reactors for materials, cata-

lysts, microelectronics, and ceramics industries. Similar

to the fine chemicals industries, the time to market will

play a significant role in the pharmaceuticals industry.

The ability to trace the product/process will also be impor-

tant. Chemical reactor innovations in this industry will be

driven by discoveries of new products and new chemis-

tries. Innovations in drug delivery systems will also play a

significant role.

A summary of the desired functionalities of novel

nonstandard reactors for various industries is shown in

Table IV.D.2. The novel nonstandard chemical reactors

for various industries, including fuels and energy, trans-

portation, monomers, fine chemicals, materials, poly-

mers, and pharmaceuticals, should have one or more of

the following functionalities. They have to be

multifunctional (e.g., contactors, reactors, separators)

intensified (in terms of energy efficiency, mass transfer,

heat transfer, etc.), robust (in terms of parametric sensitiv-

ity), scaleable at larger and smaller scales, modular, and

inherently safe, and their performance should be predict-

able.
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Table IV.D.2

Desired Functionalities of Novel Reactors

Novel reactor Commodities Fine Chemicals

Polymers/

Materials Pharmaceuticals

Multiphase X X X X

Moving Bed X

Extreme Conditions (intensified) X X X

Versatile X X X

Information (micro-reactors included) X X X X

Multifunctional (membrane reactors included) X X

Transient X X X

High gradient X X X



Research Needs: Ongoing research needs identified for

the development of novel nonstandard reactors include:

intensified reactors, rapid heating and cooling, structured

contacting, external field-assisted, photochemical reac-

tors, and reactors operated under extreme conditions. For

the next 3 years, research needs have been identified for

the development of ultra-low-cost reactors (including dis-

posable reactors) and immobilized-cell and enzyme reac-

tors. Between 3 and 10 years, there will be research needs

for automated synthesis, fuel processors, biometric reac-

tors and electrochemical synthesis reactors. After 10

years, research will be needed for the development of arti-

ficial cells.

Technological advances in many fields will enable

success of the research goals toward the development of

novel nonstandard reactors. Advanced materials of con-

struction will allow operation at extreme conditions,

micro-fabrication in the development of small reactors,

production of better catalysts and structured contacting

devices, and fabrication of advanced sensors. Systems

integration will lead to ultra-low-cost reactors and auto-

mated synthesis. Micro-properties and phenomena will

enable the development of multiuse and multifunctional

reactors, external-field-assisted reactors, as well as reac-

tors with rapid heating and cooling capabilities.

Multiscale design capability will enable rapid scale-up

and scale-down to different sizes for different purposes.

Large reactors will increase production, while small reac-

tors may be used for either production or information.

biomolecular design will allow the development of immo-

bilized-cell/enzyme reactors, artificial cells, and biomim-

etic reactors. Self-assembly will also enhance the

development of novel nonstandard reactors, including

photochemical and electrochemical reactors.

New technologies that will emerge up to 2010 in the

area of nonstandard chemical reactors will include reac-

tors wherein multistep reactions and separations will be

integrated into a “one-step source-to-pure-product”

system. These reactors will feature several of the desired

functionalities of chemical reactors that are currently

identified, such as multifunctional, intensified, and ultra-

low cost. After 2010, emerging technologies will make

broader use of external energizing systems such as

plasma, photochemical and electric fields. Broader use of

non–steady-state reaction systems guided through pre-

scribed model-driven cycles will also become common.

Multistep microreactor systems with high-speed sensors

both for the generation of detailed kinetic data and pro-

duction of high value or high hazard materials will also

become common.
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V. CROSS-CUTTING RESEARCH NEEDS

Major research needs were identified that cut across sev-

eral or all of the technical areas. These fell into four tech-

nical categories: experimental tools, simulation models,

sensors, and system integration.

Experimental Tools: Improved experimental tools are

needed to design and optimize reaction engineering sys-

tems more efficiently and to provide input data for

models. Better experimental screening techniques and

more precise methods to predict product properties are

needed to reduce development time. Cheaper and faster

methods for generating detailed reaction information are

needed.

Simulation Model: Improved models are needed to sup-

port design and operation of reaction engineering sys-

tems. Thermophysical, thermochemical, and transport

data are needed for inputs into and validation of these

models. Models need to be developed that are based on

fundamental science rather than empirical fits to experi-

mental data. They need to be able to address systems with

multiple phases and components and with complex mass

heat and momentum transport patterns.

Sensors: Fast, precise, robust, online sensors are needed

for data collection, monitoring, and process control. Data

collected will be used for experimental studies and as

model input for bench-scale and plant-scale systems as

well as for optimizing process control on plant systems.

System Integration: Integration of the research areas is

required to develop useful tools for ndustry efficiently and

effectively. There is a need for better integration of com-

ponent models into a model of the whole process system

along with experimental data gathering. Models need to

be developed which couple process chemistry with pro-

cess equipment models. Ultimately, design and optimiza-

tion tools are needed which will link process conditions to

product properties at the micro-, meso-, and macro-scales.

Research-related needs were also identified. They include

institutional, regulatory, and educational issues. The

major research-related needs identified include (a) the

need to put more emphasis on interdisciplinary education

at universities, and (b) the need to reduce the time and cost

for bringing new processes on line and new products to

market to remain competitive in the 2020 industrial envi-

ronment.
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APPENDIX A

WORKSHOP AGENDA

The Reaction Engineering Roadmap has been prepared

based on the information gathered in a workshop held in

conjunction with the 1999 Annual American Institute of

Chemical Engineers’ meeting in Dallas, Texas on Octo-

ber 30–31, 1999. The workshop brought together 46

experts from the chemical industry, its customer indus-

tries, universities, and government research laboratories

to brainstorm on research needs for reaction engineering.

It was held to develop a path to overcome the barriers and

challenges identified in Technology Vision 2020: The

Chemical Industry. Technology Vision 2020 details the

challenges faced by the U.S. chemical industry as it

strives to maintain its competitive position into the next

millennium. The meeting agenda appears below, and an

attendee list is given in Appendix B. The detailed techni-

cal barriers and research needs are given in Appendix C.

Slides from the presentations given to set the stage for the

workshop are given in Appendix E.

Breakout sessions were used in the workshop to

allow participants to focus on their technical areas of

expertise. Each breakout group was given the broad goal

of determining how the technology they were discussing

could help in meeting the performance targets for reduc-

ing energy and raw materials usage and the generation of

wastes as described in Section II. The task of each break-

out group was to scope out the technical challenges facing

reaction engineering in order for it to be used to meet the

workshop indicator goals, identify technical barriers to

meeting those challenges, and to list and prioritize the

research needed to address the barriers.

The workshop participants were initially asked to

identify technical barriers and research needs by evaluating

industries which utilize reaction engineering: basic chemi-

cals, specialty chemicals, pharmaceuticals, and polymers.

These research needs were then used as the basis for identi-

fying research needs across technical development areas

related to reaction engineering: reactor design, chemical

mechanisms, catalysis, and novel reactors. Participants

sorted the latter prioritized research needs into four broad

time frames in which they should be conducted: 0–3 years,

3–10 years, 10+ years, and ongoing.
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Reaction Engineering Workshop

Renaissance Hotel, Dallas, Texas

October 30–31, 1999

SATURDAY, OCTOBER 30

8:00 A.M. Breakfast

8:00–5:00 Vision 2020 Reaction Engineering Workshop

8:00–8:35 Welcome David Klipstein,Workshop Chair

8:35–9:05 Workshop Expectations Hank Kenchington, DOE

9:05–9:45 Current and Future Issues in Reaction Engineering Lanny Schmidt, University of Minnesota

9:45–10:05 Workshop Goals and Procedures David Klipstein

10:05–10:35 Refreshment Break

10:35–12:15 Breakout Sessions by Industry Segment

12:15–1:30 Collection and Management of Data (Over Lunch) Greg McRae, MIT

1:30–4:00 Breakout Sessions by Industry Segment (Continued)

4:00–5:00 Reports from Breakout and Day’s Wrap-Up

SUNDAY, OCTOBER 31

8:00 A.M. Breakfast

8:00–5:00 Vision 2020 Reaction Engineering Workshop

8:30–9:10 Reaction Engineering 2020, An Academic Perspective Klavs Jensen, MIT

9:10–9:50 Reaction Engineering 2020, An Industrial Perspective Jan Lerou, DuPont

9:50–10:30 Reaction Engineering in a Process Context Herman DeMeyer, Bayer

10:30–10:50 Refreshment Break

10:50–12:30 Breakout Sessions by Technology Topic

12:30–1:30 Working Lunch

1:30–2:30 Breakout Sessions by Technology Topic (Continued)

2:30–2:50 Refreshment Break

2:50–4:15 Reports from Breakout Sessions and Workshop Wrap-Up

4:15 Workshop Adjourns



APPENDIX B

WORKSHOP PARTICIPANTS

Name Affiliation

Industrial Breakout

Session

Technical Breakout

Session Workshop Function

Andrews, Art Merck Research Laboratories Pharmaceuticals Mechanism Development Session Chair

Anthony, Ray Texas A&M University Pharmaceuticals Catalysis

Barton, John Oak Ridge National

Laboratory

Pharmaceuticals Catalysis Scribe

Chuang, Steven S. C. University of Akron Pharmaceuticals Catalysis

Cochran, Hank Oak Ridge National

Laboratory

— Mechanism Development Scribe

Colakyan, Manuk Union Carbide Specialty Chemicals Mechanism Development

Coy, Dan Nalco Chemical Company Specialty Chemicals Reactor Design

De Meyer, Herman Bayer Specialty Chemicals Novel Reactors

DePaoli, David Oak Ridge National

Laboratory

Specialty Chemicals Reactor Design Scribe

Dudukovic, Mike Washington University Basic Chemicals Reactor Design Session Chair

Epling, Bill University of Alabama Basic Chemicals Mechanism Development

Frisch, Michael Gaussian Specialty Chemicals Mechanism Development

Green, William MIT — Mechanism Development

Gupta, Ramesh Exxon Basic Chemicals Novel Reactors

Harold, Mike DuPont — Catalysis

Jensen, Klavs MIT — Novel Reactors

Kenchington, Hank Department of Energy Basic Chemicals —

Klipstein, David Reaction Design Specialty Chemicals Mechanism Development Coordinator

Koros, Robert M. Exxon Research and

Engineering

Specialty Chemicals Reactor Design Session Chair

Krambeck, Fred Mobil — Reactor Design

Leib, Tiby DuPont Company Basic Chemicals Novel Reactors

Lerou, Jan J. DuPont Company Polymers Catalysis Session Chair

Marek, Milor Prague Institute for

Technology

Polymers Novel Reactors

McGuffin, Victoria Michigan State University Pharmaceuticals Mechanism Development

McKinnon, Tom Colorado School of Mines Basic Chemicals Mechanism Development

McRae, Greg MIT Pharmaceuticals Reactor Design Session Chair

Neurock, Matthew University of Virginia Polymers Catalysis Session Chair
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Name Affiliation

Industrial Breakout

Session

Technical Breakout

Session Workshop Function

Ng, Ka M. University of Massachusetts — Reactor Design

Papavassiliou, Vasilis Praxair Specialty Chemicals Catalysis

Peters, Bob Argonne National Laboratory Pharmaceuticals Reactor Design

Reklaitis, Rex Purdue University Polymers —

Rice, Steven Sandia National Laboratory Polymers Mechanism Development

Robinson, Sharon Oak Ridge National

Laboratory

Polymers — Scribe

Rogers, Jo American Institute of

Chemical Engineers

Pharmaceuticals —

Rohr, Don General Electric Polymers Reactor Design

Schmidt, Lanny University of Minnesota Specialty Chemicals Novel Reactors Session Chair

Shollenberger, Kim Sandia National Laboratory Polymers Reactor Design

Suppes, Galen University of Kansas Basic Chemicals Catalysis

Sun, Yongkui Merck & Company, Inc. — Novel Reactors

Takehara, Don Dow Corning Corporation Specialty Chemicals Mechanism Development

Thompson, Tyler B. Dow Chemical Company Basic Chemicals Mechanism Development

Tiech, Cheryl Rohm & Haas Polymers Reactor Design

Toseland, Bernie Air Products & Chemicals Basic Chemicals Reactor Design Session Chair

Tsouris, Costas Oak Ridge National

Laboratory

Basic Chemicals Novel Reactors Scribe

Tsotsis, Theo University of South Carolina Polymers Reactor Design

Weaver, Jack American Institute of

Chemical Engineers

Specialty Chemicals —

Weiner, Steven C. Pacific Northwest National

Laboratory

Polymers —

West, David Dow Chemical Company Polymers Novel Reactors

Westmoreland, Phil University of Massachusetts Specialty Chemicals Mechanism Development

Wolfrum, Ed Natural Renewable Energy

Laboratory

Specialty Chemicals Novel Reactors
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APPENDIX C

WORKSHOP TECHNICAL BARRIERS

AND R&D NEEDS

Each breakout group at the Reaction Engineering Work-

shop held on October 30–31, 1999, was asked to scope out

the technical challenges facing reaction engineering in

order for it to be used to meet the workshop indicator goals,

identify technical barriers to meeting those challenges, and

to list and prioritize the research needed to address the bar-

riers. The workshop participants were initially asked to

identify technical barriers and research needs by evaluating

industries which utilize reaction engineering: basic chemi-

cals, specialty chemicals, pharmaceuticals, and polymers.

These research needs were then used as the basis for identi-

fying research needs across technical development areas

related to reaction engineering: reactor design, chemical

mechanisms, catalysis, and novel reactors. Participants pri-

oritized the latter research needs into four broad time

frames in which they should be conducted: 0–3 years, 3–10

years, 10+ years, and ongoing.

The various experts who identified the research needs

assigned each a priority based upon their perceived

importance. Key research needs were those that received

enough votes from a significant number of experts to

score a relative high (H) or medium (M). Other needs

were ranked low (L) based on the small number of or no

votes received. All barriers and research needs identified

during the workshops are recorded in this Appendix. The

tables in this Appendix also include items that were cited

as research needs during the workshop but were judged to

be research-related instead. The high and medium priority

research needs are summarized in the body of the report.
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Table C.A.1

Technical Barriers for Basic Chemicals

(H = High Priority, M = Medium Priority, L = Low Priority)

Fundamental Science and Data Current Processes New Technologies Institutional/Educational

Lack of experimental verification

of models (H)

Lack of ability to measure and

predict properties (H)

• Physical/chemical

• Kinetic

• Transport

Lack of undersanding of detailed

chemistry for new systems (H)

Lack of effective models (M)

• Computing tools

• Systems approach

• Computational fluid dynamics

of multiphase flow

Poor understanding of catalysis

mechanisms (M)

Lack of well-characterized

experimental reactors (M)

Characterization capabilities for

large commercial reactors are

expensive to apply and of limited

value (H)

Sensors and controls for large

commercial reactors are

expensive and of limited

capability(M)

Complex feedstocks result in

waste generation and energy

usage (M)

Current processes not geared

to recycle (M)

Lack of integration of individual

process steps leads to models

that are too crude to support

model-based control (L)

Dependence on simulation of

existing systems limits

implementation of new systems

(L)

Dealing with impurities (L)

Lack of novel reactors (L)

High perceived risk (economic

and safety)(M)

Educational limitations (M)

• Lack of interdisciplinary

teaching

• Inadequate fundamentals

(physics/chemistry)

High cost to implement new

technologies (L)

Cost of regulatory compliance

limits implementation of new

technologies (L)

Table C.A.2

Research Needs for Basic Chemicals

(H = High Priority, M = Medium Priority, L = Low Priority)

Fundamental Science and Data (H) Model Verification (H) Characterization (M) Educational/Institutional (M)

Need capability to predict properties

• Kinetics

• Transport

• Physical/chemical properties

Expand molecular modeling

capabilities

• Solutions

• Functional organic rules

Need new novel reactor

systems which can be tested in

laboratory

Need to use data taken under

industrial conditions for model

verification

Develop systematic method for

measurements

• Standardize techniques

• Fine-scale CFD modeling

Develop experimental

techniques for opaque flows,

steel reactors, and large-scale

reactors

Need better characterization

capabilities for laboratory-

and industrial-scale reactors

Need simpler, cheaper, more

robust equipment

Need new techniques for

characterization

• Local flow components

• Phase fractions for

multiphase flows

• Composition

• Temperature

Need interdisciplinary training

Need industrial exposure for

facility

Need sustainability training

Need to build teamwork in

educational process

Need ongoing design problems

Increase interaction between

modelers and experimentalists
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Table C.B.1

Technical Barriers for Specialty Chemicals

(H = High Priority, M = Medium Priority, L = Low Priority)

Fundamental Science and Data Processes Equipment Institutional/Educational

Lack of CFD models with reaction

and catalysis (H)

Lack of capability to predict

product quality and performance a

priori (M)

• Models too imprecise

• Validation lacking

Inability to predict best reactor

process by virtual process

optimization (M)

Lack of models to predict catalytic

effects (M)

Lack of efficient alternatives

to large-scale reactors (H)

Lack of selectivity (L)

Lack of efficient methods to

design combination reactors

and separation systems (L)

Lack of effective in-line sensors (H)

Improved analytical precision

• Lower cost

• More robust

• Faster

Sustainability impact on

environment (M)

Need multidisciplinary

education to handle highly

integrated knowledge (M)

Table C.B.2

Research Needs for Specialty Chemicals

(H = High Priority, M = Medium Priority, L = Low Priority)

Fundamental Science and Data Reactor Design Characterization Educational/Institutional

Develop more sophisticated

models (H)

• To predict product properties

a priori

• For reactor/process selection

• For catalyst reactor design

Increase reaction selectivity (H)

• Biochemistry, enzymes,

biomimetics

• Catalysis, biocatalysis

• Combinatorial chemistry

Design efficient reactors (M)

• Good understanding at small

scale

• Novel reactors

Improve on-line effectiveness of

chemical sensors (M)

• Cheap

• Reliable

• Nonintrusive

More rounded education with

up-to-date skills (L)

Better tools for projecting

environmental impact (L)



Table C.C.1

Technical Barriers for Pharmaceuticals

(H = High Priority, M = Medium Priority, L = Low Priority)

Fundamental Science and Data Current Processes New Technologies Institutional/Educational

Lack of synthesis modeling tools for

system (H)

Lack of high-speed reaction/

synthesis screening tools (M)

Lack of detailed chemical

mechanisms (M)

Lack of impurity prediction

capability (M)

Lack of data and methods for

estimating thermo- physical

properties, mechanisms, actions,

solvent effects, chiral processing,

etc. (L)

Lack of instrumentation and models

for probing metabolic pathways (L)

Lack of combinatorial techniques to

evaluate synthesis options. A priori

design is difficult (L)

Lack of robust scheduling tools for

batch processes (L)

Lack of predictive models and

control systems for reactors using

immobilized enzymes (L)

Lack of fundamental understanding

regarding usage of surface

assembled coatings (e.g.,

chromatographic polymers) (L)

Lack of catalysts for specific

applications, especially

stereospecificity (H)

Separations selectivity is often

low (M)

Bioreactor systems for novel

products are rare (M)

Bioreactor design methods are

too simplistic (L)

Sensors are not durable enough to

withstand many process

conditions (L)

Lack of suitable instumentation

for tracking reaction

intermediates (L)

Lack of highly selective on-line

monitors (L)

Lack of sensor to support model-

based control (L)

Batch processing limits our

options for redesigning the

reaction (L)

Chromatography techniques/

processes do not scale up well (L)

Lack of genetic tools for micro

and molecular biologists to

generate and control gene cloning

(L)

Lack of inexpensive, safe,

effective sterilization systems (L)

Lack of cross-disciplinary

collaboration, particularly

between process chemist and

engineer (H)

Large molecule separations

are particularly difficult/

expensive (L)

Lack of financial incentive to

implement the 2020 goals. For

example, the pharmaceutical

industry will not be impacted

by water shortage. Batches

tend to be low volume (L)

Separations and reactions

have historically been

developed independently. This

makes it difficult to optimize

them together (L)

Lack of technology transfer

from other sciences that might

be used to improve

pharmaceutical reaction

engineering (L)

Lack of flexible continuous

reactor concepts (L)

Solvents need to be more

environmentally benign (L)

Pharmaceuticals have shorter

and shorter timelines for

development (L)

Multiple process optimization

(speed, yield, intermediates) is

difficult (L)

Simultaneous regulation of the

product and the process limits

development opportunities

(M)

Tools do not exist for risk and

resource management and

resource allocation in the

discovery process (L)

The discrete nature of unit

operations makes it difficult to

manage the process as a

whole (L)

The demand for construction

of sterile facilities makes

production difficult and

expensive (L)

University-level training

rarely extends beyond bulk

and continuous processing,

which means that many

engineers are unprepared to

work in the pharmaceutical

industry (L)

There is some geographic

fragmentation in terms of

disseminating information to

outsourcing firms that might

produce several intermediate

products (L)

Table C.C.2

Research Needs for Pharmaceuticals

(H = High Priority, M = Medium Priority, L = Low Priority)

Discovery Stage Product Synthesis Process Development Plant Operations

Develop better product

screening techniques (H)

Develop better combinatorial

techniques to evaluate synthesis

options (H)

Improve experimental design to

reduce cost and time

requirements (H)

Develop fundamental-based

models for synthesis chemistry

and entire system (M)

Develop more selective catalysts

(H)

Determine thermochemistry and

properties data (H)

• Chiral compounds

• Isomers

• Nucleation/crystallization

Develop highly specific,

durable, online instrumentation

(M)

Understand solvation effects (M)

Design improved reactor

systems (H)

• High purity, easily separated

product

• High selectivity

• High yield

Reduce time and cost for process

development (H)

• Revamp registration process

• Cross-disciplinary training

• Better resource management

tools

• Model development cycle to

manage personnel and risk

Integrate solvation effects into

synthesis models (M)

Develop robust scheduling tools

for batch processes (M)

Develop highly specific durable,

online instrumentation (M)

Develop cheap, easily

implemented sterilization

processes (M)
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Table C.D.1

Technical Barriers for Polymers

(H = High Priority, M = Medium Priority, L = Low Priority)

Materials Processes Feedstock Institutional/Educational

Lack of computational tools to

design polymers and catalysts

(H)

Lack of clearly defined

relationships between

properties, structure, and

performance (H)

No good processes to

depolymerize polymers (M)

Lack of design capabilities to

produce smart, multifunctional

materials (L)

Lack of high-activity, selective

catalysts (L)

Lack of well defined material

substitution requirements (L)

Lack of data to validate

polymerization models (L)

Lack of fundamental

understanding of complicated

large molecule chemistry (L)

Lack of understanding of 3–5

monomer copolymerization (L)

Poor access to material

substitution requirements from

other industries (L)

Lack capability to determine

effect of reactor operations on

final product properties (H)

• Connect product properties to

process variables

• Understand effect of dynamic/

transient properties on

polymer structure

Lack of computational tools for

modeling polymerization

chemistry (H)

Lack of understanding of which

processes determine polymer

microstructure (H)

Lack of data to validate

polymerization models (M)

Lack of detailed understanding

of combined step processes (M)

• RM

• Reactive extrusion

• Reactive formation/

separations

Lack of efficient ways to produce

polymers (L)

Lack of tools to control

spatiotemporal gradient patterns

in reactors (L)

Lack of advanced monitors and

controls (L)

No well developed technology

for solventless processes (L)

Lack of methodology for

meeting more strict quality

control requirements (L)

Empirical screening methods are

inadequate (L)

Lack of ability to make polymers

from gas and agricultural

feedstocks (M)

Lack of ability to use CO2 and

water as polymer raw materials

(L)

Time frame from development to

market is too long using current

methods (L)
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Table C.D.2

Research Needs for Polymers

(H = High Priority, M = Medium Priority, L = Low Priority)

Modeling Materials Development Processing

Develop advanced combinatorial methods

for polymer property screening (H)

Develop more accurate property prediction

capabilities (H)

• Infrared

• Materials strength

Develop reactive CFD models for large

molecules polymer systems (M)

Need models to identify and control spatio-

temporal gradient patterns in reactors (M)

Link materials properties with process

models (L)

Develop bench and plant capability to

validate models (L)

Develop modeling algorithms to deal with

multiscale approaches (L)

Identify accurate semiempirical parameters

and methods for generating inputs to models

(L)

Design new recyclable polymers (H)

Design processes to disassemble existing

polymers for recycle (H)

Need to couple product and process

development methods (L)

Need course to fine hierarchy of models to

speed development (L)

Understand impact of process conditions on

polymer product properties (H)

• Link micro-scale to meso-scale to macro-

scale properties

• Understand of interaction between

properties, structure, and performance

• Understand catalyst and polymer design

Need online monitors for in situ property

measurement and reactor analysis (M)

Develop novel ways to combine reactions

and separations (M)

Develop design methodology for single step

processes which combine reaction, heat

transfer, and separations

Develop online model-based control

strategies (L)

Develop methodology to identify and control

spatial gradients in reactors
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Table C.E.1

Research Needs for Reactor Design and Scale-Up

(H = High Priority, M = Medium Priority, L = Low Priority)

Need Category All (Ongoing Processes) Near Term (0–3 Years) Mid-Term (3–10 Years) Long-Term (10+ Years)

Fundamental Data

and Science

Data for validation of

models across multiple

scales (H)

Capture uncertainty

variability in

measurements of data used

in models (H)

Obtain better

characterization of lab-

scale reactors for

obtaining kinetic data (H)

Obtain thermochemical

and transport property

data for complex systems

such as chiral isomers (H)

Develop laboratory

reactors for synthesis of

specific complex

chemistries (H)

Obtain thermochemical

and transport property

data for complex systems

such as chiral isomers (H)

Develop micro-reactors

for obtaining experimental

design and modeling data

(H)

Experimental Tools Develop accelerated

methods to predict

catalysts deactivation and

time-dependent product

properties (M)

Develop methodology to

accelerate the scale-up of

processes including

redefining the role of pilot

scale (M)

Processing Develop methodology for

(H)

• Scheduling optimization

• Parameter estimation

• Application of

experimental design

• Risk/resource

management

Develop improved process

sensors (M)

• Fast, cheap, reliable

Improved sensors (M)

• Advanced

instrumentation

strategies for tracking

progress of reactions

Improved sensors (M)

• Advanced

instrumentation

strategies

• Smart tracers for in-

situ, real-time

measurement of

composition,

temperature, flow,

pressure, and telemetry

Improved sensors to

support model-based

control (M)

Modeling Modeling for safety,

environmental, and quality

assessment (L)

Develop methods for

assessing information

value (L)

• Sensibility/uncertainty

• Model analysis

• Analysis to drive

investments

• Verification

Develop models to

combine reactions and

transport (H)

• Scaling tools

• Property prediction

Develop reactor synthesis

models (H)

• Geometry

• Heat & mass transfer

• Materials

• Selectivity

• Trace products

• Separations ease

Integrate component

models to allow total

system modeling and

optimization (H)

Education Develop improved

educational tools (L)

• Cross-disciplinary

training

• Closer ties with industry

• Fellowships from

industry
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Table C.F.1

Research Needs for Chemical Mechanisms

(H = High Priority, M = Medium Priority, L = Low Priority)

Need Category Near Term (0–3 Years) Mid-Term (3–10 Years) Long-Term (10+ Years)

Experimental Tools Develop accessible microkinetic

experimental capabilities (H)

• Heterogeneous catalysis

• Multiphase systems

Better sensors to track progress

of reactions (M)

• Fast response

• Online analyses

• Trace species

• Multiphase

Mechanism Capabilities Improve precision and ease of

application of quantum

chemistry methods for

calculating kinetic and

thermodynamic properties (M)

Develop methods to integrate

solvent effects into reaction

models (H)

• Especially for weak forces

Expand mechanism development

methods (M)

• Electrochemical processes

• Photon processes

• Plasma-driven processes

Develop better understanding of

chiral reactions & separations

(L)

Mechanism Inputs Develop models with surface

species under full range of

process conditions (M)

Obtain thermophysical,

thermochemical, and kinetic

data for properties models (M)

Obtain thermophysical, thermo-

chemical, and kinetic data for

properties models (M)

Develop theoretical and

experimental methods for

macroscopic properties from

molecular structures (H)

Mechanism Development Tools Develop commerical grade

automatic mechanism reduction

tools (L)

Couple process chemistry

models with experiment to

elucidate understanding (M)

Develop practical tools which

couple process chemistry with

process modeling (H)

• Better use interface

• Better software integration

• More robust numerics

Develop mechanisms with

capability to predict full range of

significant species (L)

Develop better means of

discriminating mechanisms (L)
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Table C.G.1

Research Needs for Catalysis

(H = High Priority, M = Medium Priority, L = Low Priority)

Need

Category All (Ongoing Processes) Near Term (0–3 Years) Mid-Term (3–10 Years) Long-Term (10+ Years)

Funda-

mental

Data and

Science

Fischer-Tropsch synthesis (M)

Mechanistic studies (M)

Catalysis of alternative

feedstocks (M)

Biocatalized polymerization (M)

By-product & waste

minimization (L)

Synthesis of catalysts with

specific site architectures (L)

“One pot” syntheses (L)

Electrochemcal catalysis (L)

Bond-specific catalysts (typically

biological) (L)

Phase-transfer catalysts

(L)

Fuel-cell-related catalysis (H)

Stereoselective synthesis (H)

Selective oxidation catalysts(M)

Catalyst support design (M)

Functional olefin

polymerization (L)

Define potential alkylation

catalysis routes (L)

Hydrocarbon activation

(M)

Understanding and

predicting transport

occurring in

heterogeneous systems

(L)

Experi-

mental

Tools

Development techniques for high

throughput screening and

synthesis (M)

Tomographic, MRI, or other

visualization techniques for

catalyst characterization. (L)

Field-enhanced processes (L)

Microreactors for

studying nano-contact

issues (L)

Better in situ techniques for

tracking and characterizing

catalyst performance (H)

Lab bench reactors that more

closely mimic industrial

conditions (L)

Detection of transient

intermediates (tightened

temporal analysis of the

reaction, highly specific

to the intermediates

which form, etc.) (M)

Processing Easily recoverable, process-

friendly, nontoxic, homogeneous

catalysts (L)

High throughput process

screening tools (L)

Influence on intrinsic kinetics

from extrinsic environment (L)

Advanced analysis tools

and precise data

screening (e.g. neural

nets) (M)

Retrofitting existing

reactors with new

catalysts (L)

System integration

(laboratory): combining

experimental tools and

modeling tools to give kinetics

and reactor design in one easy

step. (M)

Model-based control of

catalytic processes(L)

Develop catalysts that are more

resistant to deactivation and

aging (L)

System integration (plant

scale): analyzing and

optimizing both the

catalyst and reactor at

the same time (H)

Extracting fundamental

understanding from plant

scale processes/data (M)

Develop catalysts with

improved ability to adapt

to changing feedstock (L)

Modeling Build models that

• Are based on fundamentals

rather than empirical (M)

• For transport (M)

• Can predict catalyst life (M)

• Can predict physical/chemical

properties (L)

Build models that will

accelerate development

for new catalysts (i.e.

design a catalyst prior to

applying a combinatorial

technique to find out how

it works best. High input

screening would then

become much more

intelligent.) (M)

Develop reactive CFD software

to model catalyst performance

(M)

More rigorous prediction of

product quality and

performance a priori (model

and validation) (M)

Heterogeneous catalyst tools

(L)

Better reactor design from

minimal data (L)

Develop computational

tools for catalyst design

to produce materials with

desired properties (M)

Catalyst design through

combined experimental

and mechanistic

understanding and

computational chemistry

(L)

(continued on the next page)
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Table C.G.1

Research Needs for Catalysis (continued)

Need

Category All (Ongoing Processes) Near Term (0–3 Years) Mid-Term (3–10 Years) Long-Term (10+ Years)

Design Develop catalyst designs that are

(M)

• More resistant to attrition,

coking, and deactivation

• Able to focus on specific bond

sites

Develop new screening tools for

selectivity(L)

Develop methodology to

accelerate catalyst development

processes (L)

Develop techniques for

improving contacting

patterns between catalyst

and reactor (M)

Supercritical and subcritical

catalysis (M)

Micellar catalysis (L)

Need increased selectivity for

site-specific catalysts,

biocatalysts, enzymes,

biomimetics (M)

Design of catalysts for

applications involving

solid matrices (e.g., coal,

complex matrix polymers)

(H)

Education Industry experience for

faculty (L)

Interdisciplinary team

projects (L)

Cross-disciplinary training,

education and thought

processes (M)

Incentives and resources for

development of

interdisciplinary courses (L)
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Table C.H.1

Research Needs for Novel Reactors

(H = High Priority, M = Medium Priority, L = Low Priority)

Need Category All (Ongoing Processes) Near Term (0–3 Years) Mid-Term (3–10 Years) Long-Term (10+ Years)

Fundamental Data and

Science

Develop techniques to

estimate microproperties

and phenomena (M)

Develop improved

methodology for

exploiting external field-

assisted reactions (H)

Develop automated

synthesis (M)

Develop reactors to

produce artificial cells

(M)

Materials Develop better materials

for (H)

• Extreme conditions

• Micro-fabrication

• Catalysts

• Sensors

Design Improve systems

intergration (H)

Develop multiscale

design capabilities (H)

Develop self-assembling

reactors (H)

Develop intensified

reactors (H)

Develop structured

contacting (H)

Develop biomolecular

design capabilities (H)

Develop rapid heating/

cooling systems (H)

Develop ultra-low cost

reactors (M)

Develop optimized fuel

processors (M)

Demonstrate Value Develop/demo improved

photochemical reactors

(H)

Develop/demo

immobilized cell &

enzyme reactors (H)

Develop more cost

effective reactors for

extreme conditions (M)

Develop/demo

electrochemical reactors

(H)

Develop/demo

biomimetic reactors (H)





APPENDIX D

CHEMICAL INDUSTRY STATISTICS

Industry Overview: The U.S. chemical industry prod-

ucts include industrial gases, large-volume commodity

chemicals and polymers, chemical products for agricul-

tural and medicinal uses, and performance-targeted chem-

ical and polymer specialties. The chemical industry

obtains raw materials from the petroleum refining, natural

gas, and mining industries, as well as from biological

sources. The United States is the world’s largest producer

of chemicals. Countries that rank next in total production

are Japan, Germany, and France. In terms of exports, Ger-

many is the global leader. The United States ranks second,

with approximately 14 % of total exports worldwide. The

chemical industry is the largest exporting industry in the

U.S. economy. The U.S. chemical industry runs one of the

largest trade surpluses of any industry sector, and it ranks

as the largest manufacturing sector in terms of value

added. Overall, the chemical industry is the third largest

manufacturing sector in the nation.

The U.S. chemical industry

• accounts for about 24% of the world’s total chemi-

cal output

• produces 1.9% of U.S. GDP and 11% of all U.S.

manufacturing; total shipments reached $372 bil-

lion in 1996

• includes 12,000 plants producing 70,000 chemi-

cals; 95% produced in 2,000 batch facilities

• includes 170 U.S. companies with more than 2,800

facilities abroad; 1,700 foreign subsidiaries or

affiliates operating in the United States.

• exported $62 billion and imported $45 billion in

1996; 29% of international trade is intra-company;

over 25% of trade with Canada and Mexico

• accounts for $1 of every $10 of U.S. goods exported

• employs over a million people in the United States,

58% are production workers who earn one-third

more than the U.S. manufacturing average

• concentrates 63% of production in 10 states: TX,

NJ, LA, IL, NC, CA, OH, PA, NY, SC; 70% of pri-

mary petrochemicals produced in Texas and Loui-

siana

• invested over $34 billion on new plants and equip-

ment in 1996

• values energy costs at only 9% of industry ship-

ments

• value added $126 billion in 1994

• income after taxes rose to $45 billion and share-

holder’s equity increased to 22.6% in 1996

Many view the chemical industry as the “keystone”

manufacturing industry. This is because the preponder-

ance of its products are inputs to other manufacturing

industries as well as agriculture and mining. Of the 70,000

products produced by the chemical industry, the majority

are feedstocks that improve the productivity and quality

of goods manufactured by other industries:

• basic chemicals—e.g., acids, alkalies, salts, and

organic chemicals

• chemical products used in further manufacture

(intermediates)—e.g., synthetic fibers, plastic

materials, and color pigments

• finished chemical products used for ultimate con-

sumption—e.g., paints, fertilizers, and explosives

In 1994, the industry produced goods valued at

$341.3 billion with $82.9 billion for intraindustry ship-

ments and $258.4 in final shipments. The final shipments

consisted of ($ billion):

• rubber and plastics products $28.5

• home furnishings, textiles, and apparel $19.6

• petroleum refining $7.0

• paper and allied products $7.2

• electrical and electronic equipment $7.2

• machinery and instruments $4.8

• all other manufacturing $23.1

• motor vehicles $2.9

• primary metals $5.2

• agriculture $12.6

• mining $1.9

• construction $9.8

• exports $49.0

• healthcare and education $28.0

• consumers $44.6

• services and other $9.3
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R&D in the Chemical Industry: A major factor in the

long-term success of the industry has been its traditionally

large R&D program. It

• is one of the eight most research-intensive U.S.

industries

• employees 100,000 scientists, engineers, and tech-

nicians in chemical-related R&D

• receives about one out of every eight U.S. patents

• invested over $18.3 billion on R&D in 1996

• is led by pharmaceuticals R&D which accounts for

more than one-half (57%) of the chemical indus-

try’s R&D spending

Energy Usage by the Chemical Industry: The chemical

industry is the second largest energy-consuming industry

in the United States. In 1994, it consumed about 7 percent

of the total energy consumed in the United States. The

chemical industry used 25% of the estimated manufactur-

ing energy used by industry in 1994. Overall, four seg-

ments of the chemical industry—inorganic chemicals,

organic chemicals, plastics, and fertilizers—consumed

about 85% of all fuel and electricity used in the chemical

industry in 1994. Industry statistics include:

• total energy needs equivalent to 2.8 million barrels

of crude oil per day: natural gas, 42%; crude oil and

derivatives, 41%; electricity, 9%; coal, 4%; others,

4%

• consumed 5.95 quads for feedstocks (2.99) and

fuel/power (2.96) in 1996

• Fuel/power costs as a fraction of production costs

are quite variable: e.g., high for industrial gases

(40–50%), lower for industrial organics chemicals

(less than 10%)

• energy consumption by product area (in quads):

organics, 2.6; inorganics, 0.7; plastics, 0.9; agri-

chemicals, 0.7

• energy costs in the industrial gas segments of the

industry account for 40–50% of total operating

costs

• overall efficiency of energy used in the chemical

industry improved by over 40% between 1974 and

1996

• the proportion of energy used for feedstocks grew

from 39% in 1970 to 48% in 1996, primarily due to

growth of the plastics business

• uses labor less intensively than other manufactur-

ing industries (production workers are 58% of total

employment vs. 69% for all manufacturing)

Environmental Impact of the Chemical Industry: The

chemical industry generates about 2 billion tons of waste

per year. The majority is wastewater (91% in 1989) from

the industry’s manufacturing processes. Air emissions per

year are approximately 4.3 million metric tons. The con-

cern about the role greenhouse gases play in the changing

character of our climate has focused largely on carbon

dioxide, which makes up about 55% of these emissions.

Of the total carbon emissions in the United States, the

chemical industry contributed 3%. Industry statistics

include:

• has regulatory costs growing faster than any other

component of most capital budgets

• industry spends more than any other U.S. industry

for pollution abatement and control—$7.1 billion

in 1994

• total pollution abatement control costs for chemi-

cal companies of $14.3 billion slightly exceeded

the whole industry’s $14.2 billion total after-tax

profits for 1989–1993

• pollution abatement by product area in 1994:

organics, $919M; inorganics, $159M; plastics,

$465M; agri-chemicals, $99 M

• decreased toxic emissions as defined by EPA’s

Toxic Release Inventory Reporting Program 61%

between 1988-1994, while production rose 18%

• 1994 annual emissions (in millions of metric tons):

SO2, 0.5; NOx, 0.3; VOC, 1.6; CO, 2.2; particulates,

0.1; lead, 0.0001

• total U.S. greenhouse gas contributions in the

1990s (all sources); CO2, 84%; CH4, 11%; NOx,

3%; chlorofluorocarbons, 2%

• total U.S. carbon emissions 1.45 billion metric tons

(1996); by fuel type: oil, 42.1%; coal, 35.5%; natu-

ral gas, 22.4%

• total U.S. carbon emissions by industrial sector:

electric utilities, 35.6%; transportation, 32.8%; res-

idential, 6.9%; commerical, 4.2%; chemical indus-

try, 2.6%; other industry, 17.9%

Chemical Industry Vision for 2020: In 1994, technical

and business leaders in the chemical industry began to

study the factors affecting the competitiveness of their

industry and its rapidly changing business environment.

They focused on identifying the common technology

challenges that will face the industry over the next 25

years. In the spring of 1996, the industry’s sponsoring

organizations approved The Technology Vision 2020:

Report of the U.S. Chemical Industry. The report, “a call

to action, innovation, and change,” concludes that the

growth and competitive advantages of the chemical

industry depend on individual and collaborative efforts of

industry, government, and academia to improve the

nation’s R&D enterprise. The Vision 2020 report identi-

fies four targeted areas:

• New chemical science and engineering technology

• Supply-chain management

44 Vision 2020: Reaction Engineering Roadmap



• Information systems

• Manufacturing operations

The New Chemical Science and Engineering Tech-

nology area is made up of three subareas in chemical

science (chemical synthesis, bioprocesses and biotechnol-

ogy, and materials technology) and three areas of enabling

technology (process science and engineering technology,

chemical measurement, and computational technologies).

Each area and/or subarea are described briefly below:

• Chemical Synthesis emphasizes developing new

catalysts and reaction systems to prepare economi-

cal and environmental safe processes with lowest

life-cycle costs.

• Bioprocesses and Biotechnology emphasizes

improving performance of biocatalysts and

improving biochemical processing.

• Materials Technology includes enhanced perfor-

mance in materials, including materials for separa-

tion processes, and membranes for chemical

processing, packaging, medical, and other separa-

tion applications.

• Process Science and Engineering Technology

emphasizes the development of appropriate design

principles, tools, systems, and infrastructures to

accommodate a variety of improvements to meet

current and emerging needs, including (1) integra-

tion of reaction and separation systems such as

reactive distillation, membrane reactors, and

supercritical fluid systems; (2) production of reac-

tors for new emerging process chemistries; (3) pro-

duction of existing and new products that reduce

significant overall waste, optimize costs, and mini-

mize environmental impact; and (4) development

of disassembly procedures for recovery and reuse

of materials.

• Chemical Measurement emphasizes robust mea-

surement techniques for real-time, highly reliable

analyses in practical environments.

• Computational Technologies emphasizes that, in

order for scientists and engineers to better model

more complex fluid dynamics, programs can be

developed to incorporate emerging advances in

physical models and property databases to provide

a readily adaptable architecture.

• Supply-Chain Management needs and challenges

include market globalization; growth of free trade;

regulatory restrictions; transportation; information

processing; and environmental, health, and safety

concerns.

• Information Systems needs and challenges include

improvements in networking, communications,

and data exchange; improvements; improvements

in hardware and software; and changes in policy.

• Manufacturing and Operations needs and chal-

lenges include equipment and monitoring, process

control, process modeling, advisory systems, hard-

ware and software, and open systems and inte-

grated applications.

The status of Vision 2020 implementation can be

found on the Web at www.chemicalvision2020.org.
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WORKSHOP PRESENTATIONS

Welcome, by David Klipstein
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Workshop Expectations, by Hank Kenchington
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Current and Future Issues in Reaction Engineering,
by Lanny Schmidt
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�)

“The chemical reactor is the
heart of any chemical process.”

The Engineering of Chemical Reactions

L. D. Schmidt

1998

�

Chemical Processes

1. The definition of chemists and chemical engineers is

that they understand and manage chemical reac-

tions.

2. Most interesting reactions involve catalysts, either

man-made or biological.

3. Energy management is a dominant concern in most

chemical processes.

4. Most chemical reactors involve multiple phases.

5. Mass and heat transfer usually limit the perfor-

mance of industrial reactors.

6. Polymers and other fine chemicals and their inter-

mediates represent the dominant current market

for innovation and growth.

7. Materials and pharmaceuticals represent the domi-

nant future market for innovation and growth.

8. The greatest potential for greenhouse gas reduction

and pollution abatement comes from redesigning

chemical reactors to produce less undesirable

byproducts

9. The greatest safety hazard in chemical processing is

the chemical reactor.
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Chemical Reaction
Engineering in Trouble

1900–1950 Hougen and Watson

chemical processing units

integral balances

1955–1975 Amundson and Aris

analysis of chemical reactors

1975 Where to?

all easy problems analyzed

numerical simulations not generalizable

Breakthroughs

polymer reactors Harmon Ray

microelectronic reactors Klavs Jensen

transport bed reactor DuPont

metallocenes Dow and Exxon

#

Chemical Processing “Units”

Dates from 1900 in England and the US

• reactor

• separators

• heat exchangers

• mixers

• pumps

The basis of flow sheet diagrams

$

Outdated

Chemical reactors are almost omitted from process

design texts

too complex to generalize

%

The Key to New Technologies
Is the Integration of “Units”

reactor + heat exchanger
• fluidized bed reactors

• multitube reactors

• phase change reactors

reactor + separator
• membrane reactors

• all multiphase processes

reactor + mixer

• microreactors

• emulsion

reactor + pressure drop
• pressure swing reactors

reactions under extreme conditions
• millisecond reactors

• microreactors

• high temperature

• high pressure

• supercritical

&

Blurring Boundaries

� integration of units

� chemistry and engineering

� reaction engineering and catalysis

� reactor and heat and mass transfer

� experiment and theory

� modeling and simulation

� bench, pilot plant, and full scale

� steady state and transient

� commodities and fine chemicals

'
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Types of Processes

� petroleum

� commodity chemicals

� fine chemicals

� pharmaceuticals

� biochemicals

� materials

� foods

(

Issues

� volume versus price

� need for new feedstocks

� need for new processes

� role of intellectual property

� growth and globalization

� environmental concerns

)

Millisecond Chemical Reactors

Methane to syngas

conversions and selectivities

water addition

staged reactors

Gasoline to syngas

Catalytic combustion

Catalytic wall reactor

millisecond heat exchange

radiant burner

exothermic-endothermic reactors

Simulations

�*

Partial Oxidation

Exothermic

• autothermal

Large equilibrium constants

• fast

• complete reaction

Large gradients

• 10
5

K/cm

• 10
7

K/sec

Coupled processes

• surface reactions

• homogeneous reactions

• mass transfer

• heat transfer

• flow pattern

��



Reaction Engineering 2020: An Academic Perspective,
by Klavs Jensen
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Reaction Engineering 2020: An Industrial Perspective,
by Jan J. Lerou
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Reaction Engineering in a Process Context,
by Herman DeMeyer
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Knowledge Management: Needs and Opportunities,
by Gregory J. McRae
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